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Abstract 
 
This work is focused in the description of geometry and operational principles of 
the diffusion pumps. Producing vacuums is and remains very attractive, as vacuums are 
used in industry and for laboratory purposes. The diffusion pump was the first type of 
high vacuum pump operating in the regime of free molecular flow. Due to its simplicity, 
high performance and low initial cost, the diffusion pump remains a primary industrial 
high vacuum pumping mechanism, either in the productive field or the industrial 
procedure.  
At first the history of the vacuum pumps is examined, giving deeper attention to 
the diffusion pump development over the years. At this preliminary stage, some of the 
applications of the vacuum pumps are gathered, and especially applications of 
diffusion pumps.  
Then, the design along with the geometry of the diffusion pump is formulated. 
Two types of diffusion pump that are on market are examined, in order to understand 
in detail the operation of them. At that pace the most appropriate pump fluids are given 
along with some tips for better performance of the diffusion pumps. These kind of 
techniques would be probably useful in emitting the back diffusion, which is the major 
issue of diffusion pumps. 
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The gas molecules are continuously transferred from the inlet to the outlet, in 
such a way that a high vacuum is produced. So, some performance characteristics, such 
as velocity of jet, mass flow rate and Knudsen number are calculated, before proceeding 
to simulating a simple diffusion pump model. 
Economic crisis has also affected diffusion pump technology in Greece and that 
was obvious through their Greek applications. Diffusion pumps have many advantages 
as they are simply designed and easily maintained, however in many cases it may seem 
cost worthy replacing the conventional pumps that are well known and deeply 
established in the Greek industry. 
Having discussed all that, it’s time to calculate the performance characteristics of 
the diffusion vacuum pump using a simple pump model. These characteristic ideas are 
pumping speed and pumping probability, which are of high importance for the diffusion 
pump’s operating efficiency. This can be understood by the fact that the action of a 
diffusion pump relies on the momentum transfer during collisions of pumped-down gas 
molecules and vapor molecules travelling at a jet velocity. 
This study is a preliminary work of understanding the operational principles of 
the diffusion pumps and their geometry, so that probably later could be simulated and 
further studied. 
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Αντλίες διαχύσεως: περιγραφή της γεωμετρίας, αρχές λειτουργίας, 
σχεδιαστικά χαρακτηριστικά, εξειδικεύσεις και προσεγγιστική 
προσομοίωση  
 
Κατσαγεωργίου Αρετή 
Πανεπιστήμιο Θεσσαλίας, Τμήμα Μηχανολόγων Μηχανικών, 2017 
Επιβλέπων: Βαλουγεώργης Δημήτριος, Καθηγητής, Τμήμα Μηχανολόγων 
Μηχανικών, Πανεπιστήμιο Θεσσαλίας 
 
Περίληψη  
 
Η εν λόγω εργασία επικεντρώνεται στην περιγραφή της γεωμετρίας και των 
αρχών λειτουργίας των αντλιών διαχύσεως. Η παραγωγή κενού ήταν και παραμένει 
πολύ ελκυστική, καθώς εφαρμογές που απαιτούν κενό συναντιούνται τόσο στη 
βιομηχανία όσο και σε ερευνητικές διαδικασίες. Οι αντλίες διαχύσεως ήταν οι πρώτες 
αντλίες που λειτούργησαν σε περιοχές ελεύθερης μοριακής ροής. Λόγω της απλότητάς 
τους, της υψηλής αποδοτικότητας τους και του χαμηλού αρχικού κόστους τους, οι 
αντλίες διαχύσεως παραμένουν ο κύριος μηχανισμός άντλησης για συνθήκες υψηλού 
κενού, τόσο σε παραγωγικές όσο και σε βιομηχανικές διαδικασίες.  
Αρχικά εξετάζεται η ιστορία των αντλιών κενού, δίνοντας ιδιαίτερη έμφαση στην 
ανάπτυξη των αντλιών διαχύσεως στο πέρα των χρόνων. Σε αυτό το προκαταρκτικό 
στάδιο, συλλέγονται κάποιες από τις εφαρμογές των αντλιών κενού και ειδικότερα των 
αντλιών διαχύσεως.  
Στην συνέχεια, διατυπώνονται οι σχεδιαστικές αρχές σε συνδυασμό με την 
γεωμετρία των αντλιών που μελετώνται. Εξετάζονται δύο είδη αντλιών διαχύσεως, τα 
οποία πωλούνται σε μεγάλο βαθμό στην αγορά, ώστε να κατανοηθεί σε λεπτομέρεια η 
λειτουργία τους. Ταυτόχρονα, δίνονται τα κατάλληλα ρευστά για τη λειτουργία των 
αντλιών αυτών, καθώς και κάποιες συμβουλές για σωστή και πιο αποδοτική λειτουργία 
τους. Αυτού του είδους οι τεχνικές πιθανώς να είναι αποτελεσματικές για τη μείωση, 
ίσως και εξάλειψη της ανάστροφης άντλησης, που αποτελεί και το σημαντικό 
πρόβλημα στη λειτουργία των αντλιών διαχύσεως.   
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Τα μόρια του αερίου μεταφέρονται συνεχώς από το εσωτερικό στο εξωτερικό με 
τρόπο τέτοιο που παράγεται κενό. Έτσι, χρειάζεται να υπολογιστούν κάποια 
χαρακτηριστικά μεγέθη των αντλιών, όπως ο αριθμός Knudsen, η ταχύτητα του αερίου, 
ο ρυθμός μαζικής παροχής κ. ά, πριν προσεγγιστεί μια προσομοίωση της αντλίας με 
ένα απλό αντλητικό μοντέλο.  
Η οικονομική κρίση έχει επηρεάσει και την τεχνολογία των αντλιών διαχύσεως 
στην Ελλάδα, κάτι που είναι φανερό από τις εφαρμογές τους. Οι αντλίες διαχύσεως 
έχουν πολλά πλεονεκτήματα καθώς είναι απλές σχεδιαστικά και εύκολα συντηρούνται. 
Παρόλα αυτά, σε πολλές περιπτώσεις μοιάζει κοστοβόρο να αντικατασταθούν οι 
συμβατικές αντλίες, που έχουν εδραιωθεί και χρησιμοποιούνται κατά κόρον στην 
ελληνική βιομηχανία.  
Έχοντας κάνει συζήτηση για όλα αυτά, είναι ώρα πλέον να υπολογιστούν τα 
χαρακτηριστικά μεγέθη των αντλιών διάχυσης χρησιμοποιώντας το απλό αντλητικό 
μοντέλο. Αυτά τα μεγέθη είναι η ταχύτητα άντλησης και η πιθανότητα άντλησης, που 
αποτελούν σημαντικές έννοιες για τη λειτουργία της αντλίας διάχυσης. Αυτό είναι 
εύκολα κατανοητό από το γεγονός ότι η λειτουργία της αντλίας αυτής βασίζεται στην 
μεταφορά ορμής μεταξύ των συγκρούσεων των μορίων του αερίου που αναρροφώνται 
και των μορίων του ατμού, που κινούνται με ταχύτητα αεριού.  
Η παρούσα διπλωματική μελέτη αποτελεί προκαταρκτικό έργο κατανόησης της 
λειτουργίας των αντλιών διαχύσεως και της γεωμετρίας τους. Επομένως, είναι πιθανό 
αργότερο να γίνει περαιτέρω μελέτη και προσομοίωση της αντλίας.  
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Chapter 1: Introduction 
 
1.1 Introduction in diffusion vacuum pumps 
Since the seventeenth century, as the technology raises and the industrial 
demands become stricter, the need of creating and maintaining vacuum conditions for 
industrial and research reasons becomes more substantial. This fact contributes to the 
development of the so called vacuum pumps. The vacuum pumps are devices created 
to remove gas molecules from a sealed volume in order to leave behind a partial 
vacuum. Nowadays, their applications are numerous. From the production of electric 
lambs and packing procedures in food industries, to space engineering and medical 
applications. So, it’s obvious that according to the use of its vacuum pumps, special 
characteristics are applied creating subdivisions. The two greater subdivisions are gas 
displacement vacuum pumps and kinetic vacuum pumps. The kinetic vacuum pumps 
are those in which momentum is imparted to the incoming gas molecules in such a way 
that the gas is transferred continuously from the inlet to the outlet. In this diploma thesis 
deals with diffusion pumps, a subdivision of the vacuum kinetic pumps that are used 
for creating, improving and/or maintaining a vacuum.  
Under normal environmental conditions, the creation of vacuum requires a 
removal of gases, contained in atmospheric air, from a given vessel or a chamber. Thus, 
high vacuum technology involves the rarefaction of atmosphere by as much as 15 orders 
of magnitude (from 103 to 10-12 mbar (105Pa to 10-10Pa)). This would be relatively 
simple if the chamber walls did not have any internal gas content and any adsorbed gas 
at the surfaces. The diffusion pump is one of the most important instruments to produce 
high – vacuum, which has been developed over the past sixty years and was the first 
type of high vacuum pump operating in the regime of free molecular flow.  
 
1.2 Thesis structure and objectives 
The diffusion pump is the most common type of pump for use in high vacuum 
applications. These vapor jet pumps are one of the oldest and most reliable ways to 
create a vacuum. Since the chamber itself has no moving parts aside from the motive 
medium – usually oil – droplets, a vacuum diffusion pump can operate with stability 
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over long periods supporting numerous and various types of applications from 
industrial fields to research and educational projects. Thus, the thesis aim is to give a 
description of the operational principles and design characteristics of the diffusion 
pumps. In addition, the introduced algorithm is implemented to attempt giving a 
methodology in a preliminary manner. The thesis is outlined as follows: 
 
 In Chapter 2 the literature review is presented. It includes the historical 
review of vacuum pumps with specification in diffusion pumps and their 
fundamental principles. Moreover, vacuum pumps with some of their 
applications are described in this chapter.  
 
 In Chapter 3 a description of the diffusion pump is expounded, whereas the 
operating principles of the pump are explained. It also includes the pumping 
fluids that are usually applied in diffusion pump functions and the types of 
flows involved.  
 
 In Chapter 4 the operational and geometrical data of two types of diffusion 
pumps, namely the HS-2 and VSH-4 pumps are described. Moreover, the 
Kn number, the pressure and temperature range are calculated. 
 
 In Chapter 5 the applications of vacuum pumps with emphasis in diffusion 
pumps in Greece are shown. It also includes the advantages and the 
disadvantages of the diffusion pumps with some highlight tips for operating 
such a pump. 
 
 In Chapter 6 the diffusion pump geometry is studied initially and then some 
operating scenarios are simulated. A simplified pump geometry is also 
investigated in this chapter. 
 
 In Chapter 7 a summary of the thesis with the corresponding concluding 
remarks is presented, along with some proposals for future work. 
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Chapter 2: Literature review 
 
2.1 Historical overview of vacuum pumps, emphasizing in diffusion pumps 
The first man, who ever talked about vacuum was the Greek philosopher 
Democritus, who lived back on 460 to 375 B.C [1]. He assumed that the world would be 
made up of many small and undividable particles that he called atoms. In between the 
atoms, Democritus presumed empty space (a kind of micro-vacuum) through which the 
atoms moved according to the general laws of mechanics. Variations in arrangement of 
the atoms, orientation, and shape would cause variations of macroscopic objects. 
Acknowledging this philosophy, Democritus, together with his teacher Leucippus, may 
be considered as the inventors of the concept of vacuum. For them, the empty space 
was the precondition for the variety of our world, since it allowed the atoms to move 
about and arrange themselves freely. The modern view of physics corresponds very 
closely to this idea of Democritus. However, his philosophy did not dominate the way 
of thinking until the 16th century, when the idea of vacuum (Latin: empty space, 
emptiness) reappeared and was proved by the Torricelli experiment [2] (Figure 1). 
 
Figure 1: Torricelli’s vacuum experiment in 1644. The level AB of mercury in both 
tubes C and D was equal, independent of the size of the additional volume E in tube D.  
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The first experiments to produce a vacuum were proposed in 1631 by Reneri of 
Leiden in correspondence with Descartes [3]. The first recorded experiment to produce 
vacuum appears to have taken place in about 1641 when Gasparo Berti experimented 
with a water barometer [4] (Figure 2). 
 
Figure 2: The apparatus used by Gasparo Berti in about 1641 to produce a vacuum  
  
In 1644 Vincenzio Viviani repeated Berti’s experiment using a mercury – filled 
glass tube which was inverted with its open end in a reservoir of mercury. A few years 
after these initial experiments on vacuum, one of the leading vacuists (the so called 
philosophers that claimed vacuum is possible in nature) Otto von Guericke, a 
burgomaster of Magdeburg in Germany, created the first vacuum pump somewhere 
about 1654. It was a crude pump, with joints kept airtight by water immersion. 
Guericke’s third version (Figure 3) [5] was an air pump, which pumped air directly out 
of a vessel. These pumps were capable of producing vacua in much larger volumes than 
Torricellian tubes. 
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Figure 3: The pumps of von Guericke in the 1640s. (Top) the first pump with a wooden 
barrel. (Bottom) The second pump with a copper sphere. (Right) Guericke’s air pump 
No. 3 Design for Elector Friedrich Wilhelm, 1663. [5] 
  
In 1682 Robert Boyle described a two-cylinder pump [6], in which the pressure of 
the atmosphere on one piston did most of the work required to raise the other. A much 
improved pump of this type was made by Hawksbee [7] about 1705 and this remained 
essentially the pattern of cylinder vacuum pumps until the end of the nineteenth century, 
when Fleuss introduced the cylinder oil pump. For producing high vacua for the classic 
research on discharge in gases, pumps of the Geissler and Toepler type, based on 
continuous repetition of Torricelli's experiment, were used, which were extremely slow 
in action. Geissler built a pump in 1855 capable of reaching 0.1 Torr(13.33Pa). In 1862 
Topler [8] invented an improved form of the Geissler pump [9] and in 1865 Sprengel [10] 
devised a pump in which a train of mercury droplets trapped packets of gas in a glass 
tube and carried the gas away. 
Soon after Boyle, a much improved piston pump was produced, made by Robert 
Hooke. About the same time the Accademia del Cimento used the vacuos space in the 
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enlarged head of a mercury barometer to carry out experiments: this may be considered 
as a one-stroke mercury pump. The development of mercury-piston pumps was the 
major factor in achieving lower pressures. Improvements were made to the piston pump 
in the next two hundred years but the basic design remained the same. The ultimate 
pressure achieved by these pumps decreased only slightly. The mechanical nature of 
the vacuum experiments of the time did not require significantly lower pressures, but 
the new pumps were easier to use. Pumps on the Boyle pattern were made by Hyygens, 
Papin and Senguerd[59]. In 1673, Huygens attempted to build an internal combustion 
engine using the pressure difference between the atmosphere and a vacuum to lift heavy 
weights. Sprengel improved this pump in 1865 and 1873 (Figure 4)[10], which used 
Torricelli’s principle. Ten kilograms of mercury had to be lifted up and down by hand 
for a pump speed of about 0.004/s. About six hours of pumping action were required to 
evacuate a vessel of 6 l from 0.1 mm Hg (13 Pa) to about 2x10−5 mm Hg (2.7x10−3 
Pa)[60]. With these pumps, for the first time, the high vacuum regime became available. 
In 1879, Edison used them in his Menlo Park to evacuate the first incandescent lamps. 
The early scientists who produced vacuum still had no clear definition of a vacuum. 
They had no idea that air could consist of atoms and molecules, which in part are 
removed to produce a vacuum. Until 1874, the Torricellian tube was the only instrument 
available for measuring vacuum, and limited to about 0.5 mm Hg (67 Pa). The idea of 
vacuum was still quite an absolute (present or not) as in the Aristotelian philosophy, 
but it was not accepted as a measurable quantity. The gas kinetic theory by Clausing, 
Maxwell, Boltzmann, and others as well as the invention of the gauge by McLeod 
(1874), however, showed that vacuum indeed was a measurable physical quantity. The 
McLeod gauge (Figure 5)[59], still applied in a few laboratories today, uses Boyle’s law. 
By compressing a known volume of gas by a known ratio to a higher pressure, which 
can be measured using a mercury column, the original pressure can be calculated.  
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Figure 4: Sprengel’s first mercury pumps of 1865. A falling mercury droplet formed a 
piston, which drove the air downwards (suction port at D and “exhaust tube”). Later, 
Sprengel improved the pump by adding a mechanism to recover the mercury. [10] 
 
Figure 5: Original McLeod vacuum gauge [11]. (a) Measuring port;  (b) simple siphon 
barometer; (c) glass bulb with a volume of 48 ml and a volume tube at the upper and 
having identical diameter as the measuring tube (d) ; (f) vertical 80 cm long tube; (g) 
reservoir of mercury. As soon as the mercury is lifted to the level of (e), the gas in (c) 
is compressed developing a height difference between (d) and the tube above (c) 
according to the volume ratio. 
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Huygens’ idea of using the pressure difference between the atmosphere and a 
vacuum to build an engine was continued by Thomas Newcomen in the 18th century[61]. 
He used condensed steam to create vacuum. Newcomen’s engines were broadly used 
in England to pump water from deep mine shafts, to pump domestic water supplies, and 
to supply water for industrial water wheels in times of drought. His machines predate 
rotary steam engines by 70 years.  
Figure 6 shows the ultimate pressure achieved by the various pump designs in the 
period from 1660 to 1900 and clearly indicates the limited reduction in attainable 
pressure in the first two hundred years. The vacuum pump made important 
contributions to science in its first two centuries but throughout this period it was widely 
used as a source of entertainment and instruction because vacuum was a novel and 
fascinating subject. 
Figure 6: Progress in lowest generated and measured pressures in vacuums from 
1660 to 1900. Data from [12] 
 
A new era was initiated in 1905, when Kaufmann introduced a continuously 
rotating mercury pump, which was almost at once superseded by Gaede's much 
speedier rotary mercury pump. The change in ultimate vacuum in the period 1900 to 
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1950 is shown in Figure 7. Vacuum technology made rapid advances in the period 1900 
to 1920, the two figures that dominated this period were Gaede in Germany and 
Langmuir in the USA.  
 
Figure 7: Progress in lowest pressures generated and measured in the twentieth 
century. Data from [12]. 
 
In 1909, Knudsen [13] published a comprehensive investigation on the flow of 
gases through long and narrow tubes. He divided this flow into three regimes: the 
molecular regime at very low pressures, where the particles are so dilute that they do 
not interact with each other but only with the surrounding walls, the viscous regime at 
higher pressures, where the motion of particles is greatly influenced by mutual 
collisions, and an intermediate regime. This publication can be considered as the 
beginning of vacuum physics. For his experiments, Knudsen used the so-called Gaede 
pump that was developed in 1907 primarily for use as a fore-pump for the rotary 
mercury pump [14]. 
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Figure 8: Gaede’s mercury – rotation pump. R indicates the position of the suction 
port. With kind permission of the Gaede foundation at Oerlikon Leybold GmbH, 
Cologne, Germany. 
  
Gaede, a professor at the University of Freiburg in Germany, was the most 
important inventor of vacuum pumps since Guericke. Gaede’s pump was a rotary 
mercury pump (Figure 8)[15], in which the Torricellian tube was wound up so that it 
allowed continuous pumping by rotary action. The pump was driven by an 
electromotor. Its pumping speed was 10 times faster than the Sprengel-type pump and 
produced vacua down to 1 mPa. However, it required an additional pump in series 
because it was able to compress the gas only up to 1/100 of atmospheric pressure. The 
sliding vane rotary vacuum pump was developed between 1904 and 1910, based on an 
idea of aristocrat Prince Rupprecht, which dated back to 1657. Gaede optimized these 
pumps in 1935 by inventing the gas ballast, which allowed pumping condensable gases 
as well. Gaede carefully studied Knudsen’s work, and at a meeting of the German 
Physical Society in 1912, introduced his first molecular pump (Figure 9)[15]. The pump 
he invented was based on a fundamentally new principle, that a surface moving rapidly 
parallel to itself drags with it gas molecules. This so-called molecular pump produced 
extremely low pressures. The last inventive step was also made by Gaede, when in 1915 
he utilized the carrying along of gas molecules by a jet of mercury vapour to effect a 
high vacuum. These vapour-stream pumps, oil and mercury, have been developed on 
an enormous scale of recent years. The mercury vapour diffusion pump was the first 
vacuum pump to have no moving parts. It was invented independently by Gaede [15] 
and Langmuir [16] in 1915-16.  
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Figure 9: Gaede’s first mercury 
vapour diffusion pump (1915) 
Figure 10: Langmuir’s original 
mercury vapour diffusion pump (1916) 
 
Gaede used the finding that any gas molecule hitting a wall stays at its location 
for a while and accommodates to the wall before it leaves. If therefore a gas particle 
hits a fast moving wall it will adopt the velocity of the wall and is transported in the 
direction of the motion during its sojourn time. The pumps based on this principle 
require very high rotor speeds and low clearances of about 20 µm between the moving 
wall and the fixed wall. The pump floundered on these requirements, which were too 
stringent for the technology available at the time[59]. In 1958, however, Becker utilized 
the principle and invented the turbomolecular pump, which eased the clearance 
problem. Twelve years after the development of the molecular rotary pump by Gaede 
and Langmuir, the oil diffusion pump followed, which was the most widespread pump 
until the turbomolecular pump was developed. In addition, vacuum measurement also 
developed further (Figure 10) using other pressure-dependent properties of gases: 
Sutherland suggested to use the viscosity of gases in 1897[59].  
Langmuir put this principle into practice in 1913 using an oscillating quartz fiber. 
The decrement in amplitude of the oscillations gave a measure of gas pressure[16]. Pirani 
[17] used the pressure dependence of thermal conductivity and built the first thermal 
conductivity gauge in 1906. In 1909, von Baeyer showed that a triode vacuum tube 
could be used as a vacuum gauge. Penning invented the cold-cathode gauge in 1937 in 
which a gas discharge is established by crossed electric and magnetic fields. During the 
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Second World War, mass spectrometers were developed, and they became crucial parts 
of the weapons industry. After World War II, it was generally believed that diffusion 
pumps would not be able to generate pressures below 10−8 Torr (13.33x10−7 Pa) 
although the underlying effect was unknown. All manufacturers’ pumping speed curves 
showed a value of zero at this point.  
The first practical diffusion pumps were single-stage with a boiler at the bottom 
and a vapor conduit leading to a cylindrical or expanding conical nozzle, or an inverted 
(umbrella-type) nozzle to form a high-speed vapor jet (expands due to gas-dynamic 
laws). In early pumps the vapor jet was directed vertically upward into a condensing 
region with an alembic at the bottom to catch the distilled mercury or oil and return the 
fluid to the boiler. (Figure 11a)[18] Later designs employed nozzles which directed the 
jet slightly downward, or vertically downward, so that the condensed pump fluid ran 
down the pump wall and returned to the boiler through a connecting tube or through a 
narrow passage between the pump wall and a skirt on the vapor conduit so that the head 
of oil prevented the escape of vapor from inside the conduit. (Figure 11b)[18]. Single-
stage pumps with parallel multiple nozzles were tried and gave improved speed and 
required less power input, but multiple nozzle designs are not practical in multistage 
pumps. Multiple in-line stages were introduced when it was realized that the 
compression ratio between forepressure and maximum inlet pressure before jet 
breakdown had to be limited for each stage of an oil diffusion pump because of the 
decomposition of organic pump fluids at elevated temperatures and pressures. Many 
high-vacuum pumping systems include a vapor jet pump and a mechanical pump.  
Figure 11: Design of Embree jet for a straight-sided jet (a) compared with a patent on 
a streamlined inverted nozzle design (b) 
Mechanical vacuum pumps are used to remove about 99.99% of the air from the 
chamber, reducing the pressure in the vacuum system to the correct operating range. 
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This is commonly termed rough pumping or roughing. After suitable flow and pressure 
conditions are reached (usually 10-4 to 10-10Torr (13.33x10-3 to 13.33x10-9Pa), the vapor 
jet pump can take over[41]. The mechanical pump is now used to maintain proper 
discharge pressure conditions for the vapor jet pump at the foreline connection. This is 
called backing or forepumping. 
Vapor jet pumps are normally used when constant high speeds for all gases are 
desired for long periods of time without attention. They are essentially vapor ejectors 
specialized for high-vacuum applications. In the past, the gas vapor diffusion aspects 
and the vapor condensation have been overemphasized, giving the original name for 
the pump[41]. 
The basic design form was stabilized approximately 70 years ago. Modern pumps 
direct the vapor stream at high velocity in the pumping direction. Pumped gas 
entrainment into this stream, in principle, is not very different from steam ejectors or 
other vapor pumps or compressors. The original pumping fluid was mercury. Oil-like 
substances were first used in 1928. 
As far as the oil vapor jet pumps in general are concerned, under normal 
environmental conditions, creation of vacuum requires removal of gases, contained in 
atmospheric air, from a given vessel or a chamber. Thus, high vacuum technology 
involves the rarefaction of atmosphere by as much as 15 orders of magnitude (from 102 
to 10-13 mbar(104Pa to 10-11Pa)). This would be relatively simple if the chamber walls 
did not have any internal gas content and any adsorbed gas at the surfaces. Even in this 
case, after evacuation the sealed space must contain some residual pumping means, 
such as chemically active evaporated metallic films. 
There are some basic ways to remove air (or another gas) from the space of a 
vacuum chamber: 
1. Gas can be removed by an action of positive displacement devices[20], such as 
reciprocating pistons, rotary pistons, rotary vanes, gears, cams, meshed screws, 
orbiting scrolls, and so on.  
2. Another way is by partial displacement or momentum transfer, such as fast 
moving blades (fan or turbine), or a high-velocity jet stream of a vapor or other 
motive fluid (ejector). Pumps based on these methods are often called 
throughput pumps, because usually the gas evacuated from the vacuum 
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chamber is compressed and exhausted to the atmosphere. Pumps based on the 
following removal methods are called capture pumps. 
3. Vacuum can also be created by refrigeration to temperatures at which the gas 
either becomes solid or can be adsorbed on the surface of a suitable porous 
material. 
4. Gas can be also removed from space by chemical reaction, which produces a 
solid residue. 
5. Finally, the gas can be ionized and expelled from space either by the action of 
suitable electromagnetic fields or embedded (implanted) into a solid surface 
inside the pump due to the high velocity achieved by acceleration in a high 
voltage field. 
The word "pump," usually associated with liquids, is only of historical 
significance in high-vacuum technology. The displacement devices could be called 
more descriptively "rarefied gas compressors" and capture devices, perhaps, 
"condensers." This is due to the origin of the vacuum pump: the water pump used by 
the fire brigade in Magdeburg. [19] 
Generally, it is not easy to design a single pumping device that would function 
effectively under conditions of density changes involving 15 orders of magnitude. All 
pumping devices have pressure or density ranges in which they have reasonable 
performance, size, weight, noise level, cost, etc. Typically, at least two different 
pumping devices are used to obtain high vacuum. They can be conveniently designated 
as coarse vacuum pumps and high- (or fine) vacuum pumps. 
Coarse pumps are used to remove the bulk of the gas from a chamber (the gas 
that was in the space or volume), and high-vacuum pumps are used for maintaining 
vacuum by removing the gas evolving from the surfaces. Very roughly speaking, these 
two types are associated with the conditions of viscous and molecular flow. Compared 
to the ordinary compression work near atmospheric pressures, high vacuum gas flow 
conditions are characterized by very high volumetric flows, extremely small mass 
flows, rather high pressure ratios, and very small pressure differences. 
The onset of molecular flow produces additional complications. First, under 
molecular flow conditions, pressure differences are very small (although significant 
density gradients usually are present). Thus, individual molecules do not travel into the 
pump following the direction of reducing pressure, but enter the pump as a result of 
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their normal thermal motion. Therefore, when molecules rebound from a surface they 
do not "know", which is the downstream direction and they have an equal chance to 
move toward or away from the pump. An additional complication of molecular flow is 
the separation of flow behavior of different gases in a mixture. Because of the absence 
of gas to gas collisions, different gases may be pumped with different pumping effects; 
that is, different volumetric flow rates and different compression ratios. The absence of 
pressure gradients produces lower values for maximum possible volumetric flow 
through a restriction, such as an orifice.  
 
2.2 Categories of vacuum pumps 
Vacuum pumps can be classified in different ways [18]; by their range of pressures, 
their means of operation, their cleanliness, their ability to pump a continuous gas flow, 
and their ability to pump different gases. Each of these classifications will be discussed 
and the several types of pumps will be summarized in Table 1 [18]. The chart below 
shows the categories into which the pumps are organized according to their operating 
principle and characteristics [20]. 
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Table 1: Classification of vacuum pumps 
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Vacuum pumps are used to reduce the gas pressure in a certain volume and thus 
the gas density[29]. Consequently consider the gas particles need to be removed from 
the volume. Basically differentiation is made between two classes of vacuum pumps: 
a) Vacuum pumps where – via one or several compression stages – the gas particles are 
removed from the volume, which is to be pumped and ejected into the atmosphere 
(compression pumps). The gas particles are pumped by means of displacement or pulse 
transfer. b) Vacuum pumps where the gas particles which are to be removed condense 
on or are bonded by other means (e.g. chemically) to a solid surface, which often is part 
of the boundary forming volume itself. A classification which is more in line with the 
state-of-the-art and practical applications makes a difference between the following 
types of pumps, of which the first three classes belong to the compression pumps and 
where the two remaining classes belong to the condensation and getter pumps[21]: 
1. Pumps that operate with periodically increasing and decreasing pump chamber 
volumes (rotary vane and rotary plunger pumps; also trochoid pumps) 
2. Pumps that transport quantities of gas from the low pressure side to the high pressure 
side without changing the volume of the pumping chamber (Roots pumps, 
turbomolecular pumps) 
3. Pumps where the pumping effect is based mainly on the diffusion of gases into a gas-
free high speed vapor jet (vapor pumps) 
4. Pumps that pump vapors by means of condensation (condensers) and pumps that 
pump permanent gases by way of condensation at very low temperatures (cryopumps) 
5. Pumps that bond or incorporate gases by adsorption or absorption to surfaces, which 
are substantially free of gases (sorption pumps). 
According to the pumps’ pressure range, the pumps can be divided into roughing 
pumps and booster pumps. Roughing pumps can evacuate a chamber from atmospheric 
to about 10-3 Torr(0.133Pa). Examples include the rotary pump, the aspirator, and the 
sorption pump. Hi-vac pumps provide much lower pressure, as low as 10-11 
Torr(13.33x10-10Pa), but can only start to operate when the pressure is below about 0.1 
Torr(13.33Pa). Thus they require a roughing pump to back them up. In addition to the 
common oil diffusion pump, the turbomolecular, ion, titanium sublimation, and 
cryopumps are hi-vac pumps. On the other side, Booster pumps span the range of 
pressures between the roughing and hi-vac pumps and serve to increase the overall 
speed of the system in reaching low pressures. The Root's blower and the oil ejector are 
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examples. The pressure range is 101 to 10-5 Torr(13.33x10-4Pa). Figure 12 gives the 
ranges of various pumps and pump combinations. 
 
Figure 12: Pressure Ranges of Vacuum Pumps 
 
According to the method of operation, there are mechanical pumps such as the 
rotary vane, roots blower, and turbomolecular that use rotating parts to reach vacuum. 
From the other hand, the diffusion and oil ejection pumps, use a stream of liquid or 
vapor to create the vacuum. Moreover, the aspirator works on Bernoulli's principle, 
whereas entrainment pumps, the sorption, cryo-ion and titanium sublimation pumps, 
create surfaces onto which vapor and gas molecules will stick by condensation, 
adsorption or other mechanisms. 
 Considering cleanliness, it can be observed that certain pumps are cleaner than 
others, and this is very important in some applications such as the micro-electronics 
industry. “Dirty" pumps have a fluid, usually oil, which may travel into the working 
chamber by a process called back-streaming. These pumps include the rotary vane and 
oil diffusion pumps. “Clean" pumps add very little or no vapors to the system. Sorption, 
turbomolecular, ion, titanium sublimation, and cryopumps are clean. 
As far as operation is concerned, the vacuum pumps can be categorized by their 
continuous or not operation. In applications, such as gas lasers and sputtering, a 
continuous flow of gas is needed at low pressures. Sorption pumps and cryopumps have 
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difficulty with this type of load, while ion and titanium sublimation pumps must have 
elements periodically replaced. The other pumps can handle continuous gas flows. 
Moreover, different gases are pumped with different efficiencies by all pumps. 
Noble (inert) gases and low-mass gases cause the most problem. The problem is more 
severe with entrainment pumps than with other types of pumps. So, another way to 
categorize the vacuum pumps is according to their sensitivity to different gases.  
Mechanical pumps can also be thought of in terms of their compression ratio, the 
ratio of the pressure at the outlet to the pressure at the inlet. For "dry pumps" such as 
Root's blowers the ratio might be small such as 10 to 50. Oil sealed rotary pumps can 
have compression ratios of 100 000. Turbo-pumps have compression ratios of 2 x 107. 
Diffusion pumps have ratios at or above 109. 
 
Table 2: Pumps properties 
Pump type Range Method Clean? Gas 
sensitive 
Continuous? 
Aspirator Rough Bernoulli No No Yes 
Rotary vane Rough Mech. No No Yes 
Sorption Rough Entrain Yes Some No 
Roots Boost Mech.  Yes No Yes 
Oil Ejector Boost Vapor No No Yes 
 
Turbo-molec. Hi-vac Mech. Yes Slight Yes 
Diffusion Hi-Vac Vapor No No Yes 
Sputter-ion Hi-vac Entrain Yes Some Semi 
 
Ti sublimation Hi-vac Entrain Yes Some Semi 
 
Cryopump Hi-vac Entrain  
 
Yes Slight No 
 
Additionally, pumps can also be broadly categorized according to three different 
evacuation techniques:[22] 
Institutional Repository - Library & Information Centre - University of Thessaly
30/09/2018 05:22:49 EEST - 137.108.70.6
 
[20] 
 
Positive displacement pumps[20] use a mechanism to repeatedly expand a cavity, 
allow gases to flow in from the chamber, seal off the cavity, and exhaust it to the 
atmosphere. These pumps are the most effective for low vacuums.  Momentum transfer 
pumps, also called molecular pumps, use high speed jets of dense fluid or high speed 
rotating blades to knock gas molecules out of the chamber. This kind of pumps in 
conjunction with one or two positive displacement pumps are the most common 
configuration used to achieve high vacuums. Entrapment pumps capture gases in a solid 
or adsorbed state. This includes cryopumps, getters, and ion pumps, which can be added 
to reach ultrahigh vacuums, but they require periodic regeneration of the surfaces that 
trap air molecules or ions. Due to this requirement their available operational time can 
be unacceptably short in low and high vacuums, thus limiting their use to ultrahigh 
vacuums.  
Pumps also differ in details like manufacturing tolerances, sealing material, 
pressure, flow, admission or no admission of oil vapor, service intervals, reliability, 
tolerance to dust, tolerance to chemicals, tolerance to liquids and vibration. 
In this configuration the positive displacement pump serves two purposes[20]. First 
it obtains a rough vacuum in the vessel, which is being evacuated before the momentum 
transfer pump can be used to obtain the high vacuum, as momentum transfer pumps 
cannot start pumping at atmospheric pressures. Second the positive displacement pump 
backs up the momentum transfer pump by evacuating to low vacuum the accumulation 
of displaced molecules in the high vacuum pump.  
As far as the positive displacement pumps are concerned, the more sophisticated 
systems are used for most industrial applications, but the basic principle of cyclic 
volume removal is the same[23]: 
 Rotary vane pump, is the most commonly used in industrial applications 
 Diaphragm pump[20], which has a zero oil contamination 
 Liquid ring pump is highly resistant to dust 
 Piston pump, produces fluctuating vacuum 
 Scroll pump, is the highest speed dry pump 
 Screw pump is working under pressure of 10 Pa 
 Wankel pump, is not so commonly used in industrial purposes. 
 External vane pump, is not so commonly used in industrial purposes. 
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 Roots blower, that is also called a booster pump, has highest pumping speeds, but 
low compression ratio 
 Multistage roots pump that combine several stages providing high pumping speed 
with better compression ratio 
 Toepler pump, is not so commonly used in industrial purposes. 
 Lobe pump, is not so commonly used in industrial purposes. 
The base pressure of a rubber- and plastic-sealed piston pump system is typically 
1 to 50 kPa, while a scroll pump might reach 10 Pa (when new) and a rotary vane oil 
pump with a clean and empty metallic chamber can easily achieve 0.1 Pa. A positive 
displacement vacuum pump moves the same volume of gas with each cycle, so its 
pumping speed is constant unless it is overcome by backstreaming. 
Moreover, the two main types of molecular pumps[24] are the diffusion pump and 
the turbomolecular pump. Both types of pumps blow out gas molecules that diffuse into 
the pump by imparting momentum to the gas molecules. Diffusion pumps blow out gas 
molecules with jets of oil or mercury, while turbomolecular pumps use high speed fans 
to push the gas. Both of these pumps will stall and fail to pump if exhausted directly to 
atmospheric pressure, so they must be exhausted to a lower grade vacuum created by a 
mechanical pump. 
As with positive displacement pumps, the base pressure will be reached when 
leakage, outgassing, and backstreaming equal the pump speed, but now minimizing 
leakage and outgassing to a level comparable to backstreaming becomes much more 
difficult. 
The regenerative pumps utilize vortex behavior of the fluid (air). Usually it 
consists of several sets of perpendicular teeth on the rotor circulating air molecules 
inside stationary hollow grooves like multistage centrifugal pump. They can reach to 
1×10−5 mbar (0.001 Pa) (when combining with Holweck pump) and directly exhaust to 
atmospheric pressure. Examples of such pumps are Edwards EPX [25],[26] and Pfeiffer 
OnToolTMBooster 150. [24] It is sometimes referred as side channel pump. Due to high 
pumping rate from atmosphere to high vacuum and less contamination since bearing 
can be installed at exhaust side, this type of pumps are used in load lock in 
semiconductor manufacturing processes. 
An entrapment pump[20] may be a cryopump, which uses cold temperatures to 
condense gases to a solid or adsorbed state, a chemical pump, which reacts with gases 
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to produce a solid residue, or an ion pump, which uses strong electrical fields to ionize 
gases and propel the ions into a solid substrate. A cryomodule uses cryopumping. Other 
types are the sorption pump, non-evaporative getter pump, and titanium sublimation 
pump (a type of evaporative getter that can be used repeatedly). 
However, there are two types of pumps that cannot be categorized according to 
the above techniques. These pumps are: 
 Venturi vacuum pump (aspirator) (operates under 10 to 30 kPa) 
 Steam ejector (vacuum depends on the number of stages, but can be very low) 
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Chapter 3: Diffusion pump description 
 
3.1 Introduction 
The diffusion vacuum pump is a subdivision of the vacuum kinetic pumps that 
are used for creating, improving and/or maintaining a vacuum. The gas molecules are 
continuously transferred from the inlet to the outlet, in such a way that a high vacuum 
is produced. The diffusion pump was the first type of high vacuum pump operating in 
the regime of free molecular flow. 
 
 
 
 
 
 
 
 
 
 
3.2 Detailed description  
The pump body of a diffusion pump as shown in Figure 13 is vertical, cylindrical 
and terminates at the top in a high vacuum inlet flange[18]. At the bottom side of the 
pump, there is a heater which evaporates the working liquid. A more detailed design 
[39] of a diffusion pump is shown in Figure 14, whereas at Figure 15 a detailed view is 
given about the heater element assembly. The vapor is guided through the concentric 
chimneys (position 13) to the nozzles (position 4). For the vapor of the top nozzle an 
extra heater (position 7) can be used to superheat the vapor. Moreover, a baffle (position 
6) is installed to impede the access to the jet of liquid splashed up from the heater. A 
Figure 13: An overall design of a diffusion pump 
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portion of vapor generated by the heater passes as a vapor stream through the nozzle 
(position 8) into the foreline conduit. The stream of vapor drags gas molecules towards 
the exhaust port of pump (position 8). At the nozzle exit a conical body (position 9) can 
be installed allowing the operation against higher forepressures. The gas exits the pump 
passes through cooled baffles (position 12) where the highly volatile oil components 
condenses and drain away (position 11).  
 
The pumping speed of any stage depends on the nozzle clearance area (the 
annular gap between the rim of the nozzle exit and the wall of the pump housing). The 
forepressure at which the jet breaks down depends on the boiler pressure (or 
temperature) and the ratio of the nozzle throat area (narrowest cross section) to the 
"body clearance area" (the annular gap between the wall of the pump housing and the 
vapor conduit leading from the boiler to the nozzle). By arranging a series of nozzles 
along a common axis with stepped increases in the nozzle clearance area and body 
clearance area from the stage nearest the primary pump to the stage nearest the vessel 
to be pumped, the overall speed of the pump could be maximized while still maintaining 
operation against relatively high forepressures as produced by the primary pump 
without requiring an excessively high boiler temperature. 
The design of the first stage (nearest the pump inlet) is particularly important 
since some vapor from this stage scatters backward into the high vacuum and influences 
the speed and ultimate pressure obtainable. The number of pumping stages or vapor 
nozzles depends on particular performance specifications. A single-stage pump would 
have conflicting requirements of high pumping speed and high compression ratio. 
Figure 14: Design of a diffusion pump 
Figure 15: Heater element assembly 
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Normally, the first stage at the inlet has high pumping speed and low compression ratio, 
and the last (discharge) stage vice versa. Small pumps often have three stages and large 
ones five or even six. The initial stages have annular nozzles; the discharge stage 
sometimes has a circular nozzle and is called an ejector. There are no principal 
differences in such variations of geometry, although certain advantages are gained by 
one or the other choice. Sometimes, to obtain certain performance effects two vapor jet 
pumps can be used connected in series. This has an effect of increasing the number of 
compression stages, and it allows the use of different pumping fluids in the two pumps. 
Since for multistage pumps the speed depends on the nozzle clearance area of the 
first stage (nearest the inlet), one method of increasing the speed without changing the 
size of the flange connection to the vacuum chamber or the pump length is to widen the 
pump housing in the neighborhood of the first- and second-stage nozzles (as shown in 
Figure 16) of a pump. 
 
Figure 16: Cold caps, nozzles and baffles in a diffusion pump 
 
Also shown in Figure 16 is a cowl or cap, cooled by conduction through the 
supports mounted on the water-cooled pump casing, placed over the first-stage 
umbrella nozzle which serves to intercept and condense vapor scattered backwards 
from the outer edge of the jet or evaporating from the rim of the hot umbrella nozzle. 
This "cold cap," which may also be cooled directly by a loop of water-cooled copper 
tubing, greatly reduces the back-streaming of pump fluid into the high-vacuum region. 
Back-streaming is defined as the passage of the working fluid through the inlet port of 
the pump into the vacuum system (molecules emerge upward opposite to the pumping 
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direction, from the vapor jet to the high vacuum stage particular from the area of the 
upper nozzle cap, they reach vacuum container and they condense). The cooled hood 
condenses the overdivergent flow of vapor from the rim of the upper nozzle and allows 
it to fall into the pump. A heater (position 2) is incorporated in the nozzle’s cap to 
compensate the loss of heat. The vapor, before discharge from the top nozzle, passes 
over a streamlined surface (position 3) to avoid turbulence. Moreover, if the vacuum 
system has intolerance to backstreaming, a baffle or trap should be considered. The 
choice of baffle type is a trade-off between backstreaming level, net pumping speed, 
size, and cost. The designer can choose a water-cooled baffle or a cryotrap. The degree 
to which a baffle will reduce the effective pumping speed of a diffusion pump depends 
on its conductance, which is a function of its geometry.  
Water cooling of metal pumps is preferably through copper tubing wrapped 
around the casing and brazed to the wall since double-wall cooling jackets as shown in 
Figure 16 are less efficient and subject to corrosion. Coiled tubing may also be placed 
around the boiler region through which water can be circulated during the cool-down 
of a pump on a system without a high-vacuum valve. Cooling can also be provided by 
a cooling jacket, or in case of air –cooling, by cooling fins. The pump body holds the 
internal part of the pump including the nozzle system.  
Proper design of the pump boiler region involves several details, such as (a) the 
size and spacing of boiler compartments for fractionating pumps, (b) having a "skirt" 
at the lower end of the outer vapor conduit close to the pump wall and of sufficient 
height to maintain a head of pump fluid (from the condensed fluid returning down the 
wall) to balance the vapor pressure inside the boiler, and (c) the method of conducting 
heat from the electric heating units to the oil in the boiler in such a manner that upper 
heating and "bumping" is reduced.  
 
3.3 Operating principle  
Diffusion pumps are vapor jet pumps that work on the basis of momentum 
transfer from a heavy high speed vapor molecule to a gas molecule[27]. This results in 
the gas molecules being moved through the pump. The bottom of the pump contains an 
electric heater that is used to produce the vapor by heating the pumping (motive) fluid 
to its boiling point at reduced pressure. This means that before the pump is started, it 
must be “rough pumped” down to and held at an acceptable pressure, typically 10-1 Torr 
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(13.3 Pa). To do otherwise will result in no pumping action and possible damage to the 
pumping fluids. Once boiling of the fluid has begun, the vapor is forced up the central 
columns of the jet assembly. It then exits at each downward-directed jet in the form of 
a molecular curtain that impacts the water-cooled pump body. Here, the vapor 
condenses and runs back down to the boiler, as shown in Figure 17. The vapor flow is 
supersonic, with Mach numbers that range from 3 - 8. This refluxing action continues 
as long as proper heat and forepressure are maintained. As gas molecules from the 
system randomly enter the pump (molecular flow conditions), they encounter the top 
jet. Some of them are correctly impacted- diffused- and driven on to the next jet. The 
non-condensable gases that diffuse into this supersonic vapor stream are, on average, 
given a downward momentum, accelerated and eject into a region of higher pressure. 
Modern pumps have several stages of compression usually 3 to 5 for small pumps and 
up to 7 for large. This pump operates only in the molecular flow region.  
Subsequently, the compressed gas enters the foreline where it’s exhausted to the 
atmosphere by the mechanical backing pump. The condensed motive medium drains 
down at the inside of the pump body until it reaches the evaporation chamber where it 
re- evaporates in a cycle. For constant mass flow, the volume flow rate of the pumped 
down gas decreases as it travels from one stage to the next. Therefore, the inside of the 
pump is designed in such a way that the annular pump surface between the individual 
nozzle systems and the wall of the pump body decreases from one stage to the next.  
In the same way that the pump must be rough pumped before starting, so must 
the system to be evacuated by rough pumping prior to exposure to the pump. Exposing 
Figure 17: Operational principal of the diffusion pump 
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a hot pump to a rush of air at atmospheric pressure could be catastrophic for the 
equipment and possibly explosive, depending upon the pump fluid being used.  
High-vacuum systems should be designed with interlocks, fail-safe valve 
arrangements, or clearly marked instructions to preclude the possibility of exceeding 
the tolerable forepressure.  
 
3.4 Pumping fluids 
Early diffusion pumps used mercury as the operating fluid but mercury is a toxic 
material and causes many problems. Nowadays, in an oil diffusion pump, high speed 
heated oil vapor provides the kinetic energy that moves gas molecules to the foreline 
and prevents their back-migration[18]. The suitable pump fluids for oil diffusion pumps 
are mineral oils, silicone oils, and oils based on the polyphenyl ethers. These oils may 
be derived from a petroleum base but more typically are synthesized from phthalates, 
sebacates, phenyl groups, or siloxanes. To be an effective pumping fluid, the compound 
must have a relatively high molecular weight, in order to be chemically resistant. 
Moreover, due to the back migration phenomenon, the pump is rough pumped and held 
at an acceptable pressure. Thus to prevent back migrating of the gas molecules, the 
pumping fluid must have a low vapor pressure at elevated temperatures. Other desirable 
properties are inertness and stability in order to resist chemical reaction and 
disintegration into undesirable fractions. Phenyl ethers such as Neovac-SY and 
Santovac-5 are fairly resistant to oxidation and are used successfully around electronic 
devices. These oils polymerize into a conducting film when bombarded with electrons 
and thus do not promote static charge build-up. In addition, they are quite soluble and 
“clean up” easily. Santovac 5 is the preferred fluid in these applications because it 
produces a lower pressure and does not polymerize to an insulating layer as silicone 
fluids can in some processes [39]. The vapor pressure of the oils used in vapor pumps is 
lower than that of mercury[21]. Organic pump fluids are more sensitive in operation than 
mercury, because the oils can be decomposed by long-term admission of air. Silicone 
oils, however, withstand longer lasting frequent admissions of air into the operational 
pump. 
 Neovac-SY has the advantage of economy while Santovac-5 is more durable and 
has a lower vapor pressure. For additional oxidation resistance, many applications lend 
themselves to the use of silicone fluids. Another extremely stable fluid under reactive 
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conditions is the fluorinated polyphenyl ether (FomblinR or Krytox). It is also suitable 
as a diffusion pump fluid where large quantities of oxygen or other reactive gases may 
be encountered. 
For larger diffusion pumps, those used in the vacuum heat treating and vacuum 
deposition industries, the original replacement fluids for mercury were hydrocarbon 
oils. Although less hazardous than mercury, hydrocarbon oils are very susceptible to 
oxidation if they see any oxygen molecules i.e. at higher pressures. When hydrocarbon 
oils oxidize they create a thick black tarry contaminant. In a diffusion pump this tends 
to accumulate around the jet areas of the jet assembly. This is where the hot oil vapor 
from the pump boiler first meets molecules of oxygen entering from the vacuum 
chamber. It is quite easy to understand that this buildup of contamination will cause the 
jets of the vacuum pump to lose efficiency. The vapor stream from the jets will not form 
properly and this will make any backstreaming of oil vapor worse. 
It appears that hydrocarbon oils may still be in use in Europe power saving 
options when using these fluids[41]. It is suggested that in a cyclic application, such as 
most single chamber vacuum heat treating systems, power can be saved between cycles 
by reducing the fluid temperature when unloading and reloading the chamber and the 
diffusion pump is isolated from the chamber but still hot and under vacuum. 
However, most oil diffusion pumps in the USA[22] use silicone fluids as the 
preferred fluid. They are safer and are less prone to oxidation. Typical grades are 702, 
704 and 705 depending on the ultimate vacuum required.  
Some of the pumping fluids usually used in diffusion pumps operation are 
extensively described [41]. 
Silicone oils (DC 704, DC 705, for example) are uniform chemical compounds 
(organic polymers). They are highly resistant to oxidation in the case of air inrushes 
and offer special thermal stability characteristics. DC 705 has an extremely low vapor 
pressure and is thus suited for use in diffusion pumps, which are used to attain 
extremely low ultimate pressures of < 10-10 mbar. 
ULTRALEN is a polyphenylether. This fluid is recommended in all those cases, 
where a particularly oxidation-resistant pump fluid must be used and where silicone 
oils would interfere with the process. 
APIEZON AP 201 is an oil of exceptional thermal and chemical resistance 
capable of delivering the required high pumping speed in connection with oil vapor 
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ejector pumps operating in the medium vacuum range. The attainable ultimate total 
pressure amounts to about 10-4 mbar. 
Mercury is a very suitable pump fluid. It is a chemical element that during 
vaporization neither decomposes nor becomes strongly oxidized when air is admitted. 
However, at room temperature it has a comparatively high vapor pressure of 10-3 mbar. 
If lower ultimate total pressures are to be reached, cold traps with liquid nitrogen are 
needed. With their aid, ultimate total pressures of 10-10 mbar can be obtained with 
mercury diffusion pumps. Because mercury is toxic, as already mentioned, and because 
it presents a hazard to the environment, it is nowadays hardly ever used as a pump fluid.  
In case of DEMO[37] pumping system, the diffusion pump operates with 
mercury for tritium compatibility reasons.  
So, summarizing the information above, it can be easily claimed that the desired 
properties[18] for pump fluids in diffusion pumps are the below: 
 Low ultimate pressure 
 Low back diffusion 
 Large momentum transfer, high pumping speed 
 Reduced wall creeping (remigration), high surface tension to minimize creep 
 Low heating power, low heat of vaporization 
 High flash and fire points 
 Thermal stability, safety 
 Good flow characteristics, reasonable viscosity at ambient temperature 
 Long service life of oil 
 Low cost 
 Stability when exposed to air 
 Operational safety, nontoxicity 
 
The vapor pressure curves of pump fluids are given in Figure 18 below. 
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Figure 18: Saturation vapor pressure of pump fluids for oil and mercury fluid 
entrainment pumps[41] 
 
3.5 Types of flows  
As shown in the Figure 19 following, the types of flow involved in the diffusion 
pump are: 
 High speed jet flow, forced upwards the jet assembly (motive medium) [1] 
 High speed jet flow. Supersonic velocity of vapor jet, deflecting downwards 
from the nozzles [2] 
 Molecular flow (gas molecules to be pumped that enter the pump)  [3] 
 Free surface diffusion. Mixture of the vapor jet and the gas molecules [4] 
 Compressed gas flow, which is pumped off the pump [5] 
 Condensable vapor jet flow, drains down at the evaporation chamber [6] 
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 Backflow, Back – streaming. Molecules that emerge upward opposite to the 
pump direction [7] 
Generally, constant mass flow is desirable and that’s why the pump is designed 
in such a way.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Types of flows involved 
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Chapter 4: Operational data of diffusion pumps 
 
4.1 Operational data 
The most important rule of diffusion pump operation is: do not exceed tolerable 
forepressure.[18] In other words, in an operating pump, the maximum permissible 
discharge pressure should not be exceeded under any condition. Pressure and 
temperature are the most important operational data that are taken into account when 
we want to examine a diffusion pump. First of all, the pressure range in which a 
diffusion pump operates is low, as the diffusion pump is a subdivision of the vacuum 
pumps that we are applying in free molecular flows. As far as the temperature is 
concerned, it should not exceed a specific degree, over which the working fluid of the 
pump decomposes and becomes toxic. However, these data vary with the properties of 
the working fluid. In this chapter, the pressure and temperature data given for a proper 
operation of a diffusion pump will be examined. 
 
4.2 Pressure and temperature range  
The pressure range of the diffusion pumps is between 10-10 and 10-1 mbar (10-8 
and 101Pa)[39]. At the high-pressure limit, the steady-state pressure (at the pump outlet) 
normally should not exceed about 10-3 mbar (10-1Pa). Without the assistance of 
cryogenic pumping and without baking, the lowest inlet pressures conveniently 
achieved are near 10-8 mbar (10-6Pa). Figure 8 shows how the pumping speed, a 
characteristic performance measurement, varies with pressure. Note that the speed 
remains constant from the 10-3 Torr (13.33x10-2 Pa) to the order of 10-10 Torr scale (or 
Figure 20: Pumping performance of a diffusion pump as a function of pressure 
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13.33x10-9Pa) and then falls off as a result of the compression ratio for hydrogen and 
helium plus the vapor pressure contribution of the pumping fluid.  
The pump before is started, it must be “rough pumped” down to and held at an 
acceptable pressure, typically 10-1 Torr (13.33Pa). To do otherwise will result in no 
pumping action and possible damage to the pumping fluids. This damage will be caused 
due to the fact that the pumping fluid are chosen by their attitude at a specific 
temperature and pressure. If one of these factors or both are changed, then the pumping 
fluid will lose their suitable characteristics for the diffusion pump operation resulting 
to no pumping action. So, in building the diffusion pumps they are using an interlock 
to ensure that the power supply to the pump heater cannot be activated if the foreline 
pump is not running and/or the pressure in foreline is above 0.5 Torr (0.38 mbar). 
The pumping performance of a vapor jet pump is usually displayed in the form 
of a plot of pumping speed versus inlet pressure, as shown on the Figure 20. The graph 
consists of four distinct sections. To the left, the speed is seen to decrease near the limit 
of obtainable vacuum. The constant speed section results from the constant gas arrival 
rate at molecular flow conditions and a constant capture efficiency of the vapor jets. 
The part marked "overload" is a constant throughput section that indicates that the 
maximum mass flow capacity of the pump has been reached. In the last section, at the 
right, the performance is highly influenced by the size of the mechanical backing pump. 
For steady-state operation, the pump should not be operated in the overload region. 
Figure 21: A schematic drawing of a stalled diffusion pump 
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At the right of the symmetry axis of Figure 21 is shown what happens when the 
pump is stalled. If the pressure is too high (higher than the critical point), the emerging 
jet of vapor undergoes too many collisions and the energy is diffused. The effect of this 
is that the vapor fails to reach the sides of the pump and it joins the system gas, raising 
the pressure at the top of the pump. This condition is known as “backstreaming,” and 
when it occurs, the oil vapor from the pump can contaminate the system. So 
backstreaming may be called any transport of the pumping fluid into the vacuum 
system, which is perhaps the most undesirable characteristic of diffusion pumps. 
As far as the pump itself is concerned, there can be several sources of 
backstreaming[44]: 
1. The overdivergent flow of vapor from the rim of the upper nozzle 
2. Poorly sealed penetrations at the top nozzle cap 
3. Intercollision of vapor molecules in the upper layer of the vapor stream from 
the top nozzle 
4. Collisions between gas and vapor molecules, particularly at high gas loads 
(10-3 to 10-4 torr region) 
5. Boiling of the returning condensate just before the entry into the boiler (between 
the jet assembly and the pump wall), which sends fluid droplets upward through 
the vapor jet 
6. Evaporation of condensed fluid from the pump wall  
 
In a need of summing up with what is happening as far as the pressure range is 
concerned, Figure 22 visualizes how the pressure range is applied in a diffusion pump 
in its part. 
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The temperature of the boiler should reach 275o C (530F). [39] However, the 
maximum outlet temperature at the foreline should be 120F (49ο C), whereas the 
maximum inlet temperature inlet temperature only between 60 and 80 F (16ο and 27ο 
C), due to cooling water requirements. It’s also known that usually there are thermal 
switches at about 300F (149ο C) that doesn’t allow the temperature in the diffusion 
pump exceed this value. 
It’s known by experience that when overheating the pump fluid, exposing it to air 
or reactive materials, or over-pressurizing it above the normal operating range, 
approximately 1x10-3 Torr (1.3x10-3 mbar) decomposes the fluid and possibly makes it 
toxic. This is especially true of backstreamed mechanical pump fluids, which are more 
volatile (unstable). Overheating of accidentally introduced or backstreamed mechanical 
pump fluids cannot be protected against by thermal switches which are set for diffusion 
pump fluid. Moreover, operation of the diffusion pump without continuous evacuation 
below 0.5 Torr (0.67 mbar), or without coolant and introducing a strong oxidizer (such 
as air) or explosive vapors or powders or materials which may react with pumping 
fluids in a hot pump (above 300 °F or 150 °C) can cause an explosion. Such an 
explosion can violently expel valves and other hardware, slam open doors that are not 
Figure 22: The pressure range as it is applied in a diffusion pump 
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designed for appropriate pressure relief, or burst other components of the vacuum 
system. Serious injury or death may result from expelled parts, doors, shrapnel, and 
shock waves. 
All the sources of backstreaming listed above that can be stopped or intercepted 
by the room temperature baffle may be called primary backstreaming. The re-
evaporation of the pumping fluid from the baffle and the passage through the baffle 
may be called secondary backstreaming. The primary backstreaming can be effectively 
controlled by the use of cold caps surrounding the top nozzle. Cold caps are water-
cooled baffles located above the top jets of a pump. In systems with liquid nitrogen 
traps (barring accidents and high gas load operation), the backstreaming level can be 
controlled at such a low level that contaminants from sources other than the vapor jet 
pump will predominate [44]. Properly operated and protected diffusion pump systems 
can be considered to be free of contamination from the pumping fluid for most 
applications. It is also important to remember that malfunction and misoperation can 
destroy the intentions of most intelligent designs. The most common causes of cross 
backstreaming are accidental exposure of discharge side of the diffusion pump to 
pressure higher than the tolerable forepressure, high inlet pressure exceeding maximum 
throughput capacity over long periods of time, incorrect startup, and incorrect bakeout 
procedures. 
In this thesis two of the diffusion pumps that are on market will be examined. The 
VHS-4 and the HS-2[39]. In the diagrams and the tables below the operational and the 
geometrical data for those two types of diffusion pumps can be found. (Figures 23-24, 
Tables: 3-4) 
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Table 3: operational specifications for VHS-4 diffusion pump[39] 
Power rating 1450 Watts 
Optimum Operating Range (Torr) 1*10-3 to < 5*10-9 
(0.133Pa)<(0.000000665Pa) 
Maximum Pumping Speed l/s -air 
  
 -helium 
1200 with std cold cap; 950 with 
extended cold cap 
1500 with std cold cap; 1200 with 
extended cold cap 
Maximum Throughput (liters/ second at 
0.01 Torr (13.3Pa)) 
2.5 
Maximum Forepresuure No load – 0.65 Torr (86.45 Pa) 
Full Load – 0.55 Torr (73.15 Pa) 
Backstreaming Rate at Pump inlet 2*10-3 mg/cm2/minute (with std cold 
cap) 
Electrical Requirements (approximately) 120,240,208,50/60 Hz. Single phase 
Warm – up Time 8 minutes 
Cooldown time (using quick cool coil) 10 minutes 
Fluid Charge 300cc 
Cooling Water Requirements Max. inlet temperature – 60/80 degrees F 
Max. outlet temperature at foreline – 120 
degrees F 
General flow rate – 0.15 gpm 
Pressure drop across coils 4 psi 
Backing Pump size recommended 10 cfm for maximum throughput 
Jet assembly 4 – stage, self – aligning, stainless steel 
Foreline Baffle Stacked half moon 
Cold Cap Nickel – plated Copper 
Water Connections 1 ¼ 8 FPT 
Figure 23: Pumping speed and throughput via inlet pressure for VHS-4 diffusion pump 
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Thermal Switches Manual reset at 300o F 
Heater circuit resistance (ohms) 1450 Watts 
120 V            10 
208V             31 
240 V            41 
Clearance (for heater removal) 6 inches minimum 
*This table lists the specifications for all standard type 0183 models of the pumps 
Table 4: operational specifications of HS-2 diffusion pumps[39] 
Optimum Operating Range 2*10-3 Torr (2.7 mbar) to < 5*10-8 Torr 
(6.7 mbar) 
Maximum Pumping Speed 285 liters/second for air 
Maximum Forepressure No load 5.5*10-1 Torr (0.73 mbar) 
Full load 4.0*10-1 Torr (0.53 mbar) 
Maximum Throughput 0.5 Torr liter/ second (0.67 mbar) 
Backstreaming Rate at pump inlet 1*10-3 mg /cm2/ min (with cold cap) 
Power required (approximately) 450W 
Heat – up Time 15 minutes 
Cool – down Time Less than 5 minutes to break jet 
Less than 10 minutes to vent pump 
Fluid Charge 100 cc. All conventional and high 
performance pump fluids 
Cooling Water Requirements 0.1 gpm at 60oF to 80oF 
(15.6oC to 26.7oC) inlet temperature 
Backing pump size 5 cfm or larger for optimum throughput 
 
4.3 Geometry  
Diffusion pumps (vapor jet pumps) are made from 5 cm (2in) to 120 cm (48in) 
inlet flange sizes. An obvious difference between the smaller and larger pumps, is the 
distance that the pumping fluid (oil vapor) must travel from the nozzle to the 
condensing surface or pump wall. The boiler pressure in small and large pumps is 
Figure 24: Pumping speed and throughput via inlet pressure for HS-2 diffusion pump 
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approximately the same, because we are limited in maximum temperature of the oil to 
avoid thermal breakdown. Therefore, the vapor density at the nozzle exit is nearly the 
same for all pumps. However, the vapor expands in both axial and radial directions and 
we may assume that the density is inversely proportional to the square of the distance 
from the nozzle. Thus, near the pump wall the jet is rare enough to be less effective in 
pumping gas molecules at higher pressures.  
In order to examine the geometrical data of a diffusion pump, diffusion pumps 
that are already in market should be considered. Two types of diffusion pumps given 
by the company that is producing them (Agilent company) are shown here [they are 
taken from their technical brochure]. Their general flow rate is 0.15 gpm. It can be seen 
from the given data that the diffusion pumps differ in height and throughput rate, so 
that they can be applied in different applications. Moreover, the geometry is slightly 
changed (Figure 25 versus Figure 27) for the same reason[39], in order to satisfy the flow 
volume rate. (Figures 25-27, Tables 4 – 5).  
 
 
 
 
 
 
 
 
 
 
 Figure 25: VHS-4 diffusion pump design 
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Table 5: Geometrical data of VHS-4 diffusion pump[39] 
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Figure 26: HS-2 Cross Section 
Figure 27: HS-2 Flange and diffusion pump 
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Inlet flange connection OD – 6’’ 
ID – 3 11/32’’ 
Thickness – ½’’ 
Bolt circle – 4 ¾ diameter 
No. of Holes – 4  
Size of Holes – ¾ diameter 
Orientation – straddle 
Gasket Groove – 3 15/32 ID x 13/64 wide 
Gasket O-Ring – Parker # 2-238 Butyl 
Foreline connection Tubing – 0.840’’ OD 
Height – 12 11/16’’ allow additional 3 1/2’’ 
for heater removal 
Jet assembly – self aligning, fractionating 
design with 3 diffusion stages and one 
ejector stage 
Foreline baffle – stacked half moons with 
snap ring retainer 
Cold cap – conduction cooled  
Water connections – 1/8 FPT body and 
quick cool 
Materials of construction Body – stainless steel 
Flange – mild steel 
Jet assembly – stainless steel 
Foreline baffle – stainless steel 
Cooling coils – copper, welded to body 
Heater reflector – polished aluminum 
Cold cap – copper, Nickel - Plated 
Heater, cartridge Type STD Voltage (Nom.) 115V  
Option (Nom.) 240V 
Power – 450W (approximately) 
Connector – Plug –in, 115V, mates with 
Hubbel#5269 
240V, mates with Hubbel #5669 
Actual weight 10 lbs 
Shipping weight 20 lbs 
*use 5/8 ID * 1 3/8 OD rubber hose for vacuum service 
 
4.4 The Knudsen (Kn) number 
Taking into account the provided data of the operation and geometry of the 
diffusion pumps, the Knudsen range will be now calculated in order to testify if the 
diffusion pumps are really operating in the free molecular regime. 
In the rarefied gas flow the parameter that characterizes the flow is the Knudsen 
number Kn introduced around 1909[45, 42], defined as: 
Table 6: Geometrical data of HS-2 diffusion pump 
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 Kn
L

  
(4.4.1) 
         
where λ is the mean free path of the gas, defined as the average distance that the gas 
particles travel between successive collision and L is the characteristic length of the 
problem. In many cases it is necessary to define the Knudsen number as 
  
d
Kn
dx
 

    
(4.4.2) 
  
where φ is a flow quantity. The second definition of the Knudsen number is more 
general and can locally characterize the flow rarefaction.  
 For the Hard sphere model and for a single monoatomic gas the mean free path 
can be expressed as 
2 2
m
d


  
(4.4.3) 
 
where m is the molecular mass, d is the diameter of the molecule and ρ is the mass 
density of the gas.  
 Alternatively, instead of the Knudsen number the rarefaction parameter is also 
commonly used 
 
2
PL
Kn



   
(4.4.4) 
   
Here P is the gas pressure, μ is the absolute viscosity, 2Rg   is the most 
probable velocity. Both the Knudsen number and the rarefaction parameter are 
measures of gas rarefaction and departure from local equilibrium. It is convenient to 
differentiate the flow regimes according to the Knudsen number. 
 Kn < 10−3 (or δ > 1000): Hydrodynamic regime (continuum flow); the gas may 
be considered as a continuum medium and the Navier-Stokes equations are 
applicable. 
 10−3 < Kn < 10−1 (or 1000 > δ > 10): Slip regime (slip flow); non-equilibrium 
phenomena start manifesting in the boundary regions of the domain. In 
particular, velocity slip and temperature jump are observed on the walls. 
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 10−1 < Kn < 100 (or 10 > δ > 10−2): Transition regime (transitional flow); a 
kinetic description of the gas is necessary, since intermolecular collisions are 
reduced and the distribution function is not of Maxwellian type. 
 Kn > 100 (or δ < 10−2): Free molecular regime (Free molecular flow); the 
molecules undergo ballistic motion and remain unaffected by other molecules. 
No intermolecular collisions take place here. 
 
The Knudsen number from the equation 4.4.4 and the equation of the υo can be 
transformed into 
2
2 2 2
gTR
Kn
L L

  

  
 
 
(4.4.5) 
 
The density is not constant, so it can be found from the ideal gas law by deriving 
and integrating it, as: 
21
2
P   
(4.4.6) 
 
The Knudsen number of the two types of diffusion pumps examined above is 
wanted to be calculated. The first step is to collect all the necessary parameters to 
measure it. In the table below, these properties are shown. 
 
Table 7: Properties of Helium and Hydrogen at operating pressures and temperatures 
of VSH-4 and HS-2 diffusion pumps. 
 Helium H2 
R [kJ/kmol*K] 8314.45 
Diameter of atom [pm] 280 240 
Dynamic viscosity of atom 
μ [Pa*s] 
1,96*10-5 0,88*10-5 
uo [m/s] 1116.4 1573.07 
Molecular weight of atom 
Mr[kg/kmol] 
4.0026 2.016 
Rg=R/Mr [kg/kmol/K]  
L=2(Ro-Ri) [m] VSH-4 HS-2 
0.458 0.322 
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Table 8: Pressure and temperature range data of the VSH-4 and HS-2 pumps. 
P2 (Torr) 0.5 
P1 (Torr) operating range VSH-4 HS-2 
10-3-5*10-9 2*10-3-5*10-8 
Maximum inlet temperature [K] 288-300 
*1 Torr=133.322N/m2 
 
With the aid of excel solver and using the parameters of Table 6 and Table 7 into 
equation 4.4.1 or 4.4.5 for the calculation of Knudsen number and the equation 4.4.3 
for the mean free path, the results given in the following table are measured: 
 
Table 9: Knudsen number and mean free path in VSH-4 and HS-2 pumps. 
VSH-4 
Helium H2 
 
P1 P2  P1 P2 
 
1.33E-01 6.666E-07  1.33E-01 6.67E-07 
δ 2.7838111 1.395E-05 δ 4.40E+00 2.21E-05 
Kn 0.3183502 63517.225 Kn 0.201399 40183.15 
HS-2 
Helium H2 
 P1 P2  P1 P2 
 2.67E-01 6.67E-06  2.67E-01 6.67E-06 
δ 3.92E+00 9.81E-05 δ 6.20E+00 1.55E-04 
Kn 0.2258609 9034.43 Kn 0.142887 5715.49 
Mean free path Helium H2 
VHS-4 108,756>λ>108,538 75,145>λ>74,99 
HS-2 108,58>λ>108,538 75,296>λ>74,99 
 
It could easily observed that the results are approximately the same considering 
the two types of pumps above. 
So, it can be claimed from the above calculations that the types of diffusion pumps 
examined are truly operating mostly in the free molecular regime. 
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Chapter 5: Applications of vacuum pumps focusing in diffusion pumps 
in Greece 
 
5.1 Introduction  
Producing vacuum is and remains very attractive. Vacuum is used in industry and 
commerce for packaging, drying, suction and pick-and-place. Some process 
engineering operations are carried out in a vacuum because low pressure is an 
advantage on temperature-sensitive products. 
The most important area of applications for vacuum engineering is in the 
semiconductor industry, which accounts for around a 40% share[47]. However, there 
many applications of vacuum pumps not only in heavy industry, but also in food 
industry, pharmaceuticals, in laboratories, even in universities. Solar energy section is 
among the new implementations, with its plenty wafers as the carrier material in the 
production of modules. The sector for surface coatings and finishes has, to date, enjoyed 
a share of just under 9% of the total vacuum technology market. 
Rotary vane pumps, mechanical vacuum pumps and dry pumps are primarily used 
for rough and medium vacuum applications. Turbopumps are available in a range of 
options: From the smallest and most compact pump in the world, with a suction capacity 
of 11 l/s, for the analytics industry, through to the large 3000 l pump used primarily in 
the coating and semiconductor industry. 
Due to its simplicity, high performance and low initial cost, the diffusion pump 
remains a primary industrial high vacuum pumping mechanism, either in the productive 
field or the industrial procedure. In the industrial production they have an extensive 
offer in food, medical and chemical production. In all these applications vacuum pumps 
offer functional safety and secure, high purity requirements of the processes and 
hygiene. Moreover, in industrial applications they are used to process and maintain 
essential components under vacuum. They stable the pressure for high gas flow 
environments, while they have low initial cost for continuous production applications.  
Vacuum pumps are also applied in the field of research and development. In this 
field very sensitive equipment is used, which requires ultra-high vacuum with no 
mechanical vibration.  
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5.2 Applications of vacuum pumps 
Producing vacuums is and remains very attractive. Vacuums are used in industry 
and commerce for packaging, drying, suction and pick-and-place. Some process 
engineering operations are carried out in a vacuum because low pressure is an 
advantage on temperature-sensitive products. 
The most important area of applications for vacuum engineering is in the 
semiconductor industry, which accounts for around a 40 percent share[28]. Chip 
manufacturers work in a high-vacuum range of between 10–3 and 10–7 mbar (10-1Pa and 
10-5Pa). It is only in this pure atmosphere that 100 percent circuits can be manufactured 
during doping. Solar section is amongst the new implementations, with its plenty wafers 
as the carrier material in the production of modules. The sector for surface coatings and 
finishes has, to date, enjoyed a share of just under nine percent of the total vacuum 
technology market. 
Rotary vane pumps and dry pumps are primarily used for rough and medium 
vacuum applications states Pfeiffer Vacuum. Turbomolecular pumps are employed to 
produce a high and ultra-high vacuum. Turbopumps are available in a range of options: 
From the smallest and most compact pump in the world, with a suction capacity of 11 
l/s, for the analytics industry, through to the large 3000 l pump used primarily in the 
coating and semiconductor industry. 
One interesting area of application for vacuum pumps[52] is in biofuel production. 
This is true of both first- and second-generation biofuels, as vacuum equipment can 
supply the full starting material for first- and second-generation for methanol recovery 
and purification of ethanol. That includes traditional fluid ring pump technology and 
dry-running pumps for producing biofuels. There are considerable advantages to using 
vacuum pumps, fully in line with the ideas behind the biofuel industry: lower energy 
consumption, no consumption of water, and in addition to this they also require less 
space. This technology is applied in a worldwide company called Edwards, which deals 
with vacuum technology and systems. 
In other fields, such as chemical industry for heavy applications or 
pharmaceuticals[25], vacuum pumps are developing by setting new standards in 
performance, quietness of operation, ease of servicing and design. 
Dry-running vacuum pumps for rough and medium vacuum range play an 
important role in research, laboratory work and industry. In all these areas, Ilmvac 
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diaphragm pumps are used [30]. Diaphragm pumps[20] are available in different materials 
finishes for chemical and physical processes, with regulated or non-regulated under-
pressure, and with suction capacity from 0.3 to 16 m3/h and final pressures from 75 to 
<1 mbar.  
Another type of vacuum pumps are the cryopumps[21]. Cryopumps (Coolvac) are 
used for applications in vacuum coating engineering, in vacuum furnaces, in physical 
laboratories and, at present, also in space simulation. The cryopump exploits the 
physical effect that gases can freeze or be bound onto extremely cold surfaces. To that 
end, the cryopump creates temperatures down to below ten Kelvin (–253 °C).  
Concluding, vacuum pumps are used in many industrial and scientific processes 
including composite plastic moulding processes, production of most types of electric 
lamps, vacuum tubes, and CRTs where the device is either left evacuated or re-filled 
with a specific gas or gas mixture, semiconductor processing, notably ion implantation, 
PVD, ALD, PECVD and CVD deposition and so on in photolithography, electron 
microscopy, medical processes that require suction, uranium enrichment, medical 
applications, such as radiotherapy, radiosurgery and radiopharmacy, analytical 
instrumentation to analyse gas, liquid, solid, surface and bio materials, mass 
spectrometers to create a high vacuum between the ion source and the detector, vacuum 
coating on glass, metal and plastics for decoration, for durability and for energy saving, 
such as low-emissivity glass, hard coating for engine components (as in Formula One), 
ophthalmic coating, milking machines and other equipment in dairy sheds, vacuum 
impregnation of porous products such as wood or electric motor windings, air 
conditioning service (removing all contaminants from the system before charging with 
refrigerant), trash compactor, vacuum engineering, sewage systems [31] , freeze drying, 
and fusion research. 
Vacuum may be used to power, or provide assistance to mechanical devices. In 
hybrid and diesel engine motor vehicles, a pump fitted on the engine (usually on 
the camshaft) is used to produce vacuum. In petrol engines, instead, vacuum is typically 
obtained as a side-effect of the operation of the engine and the flow restriction created 
by the throttle plate, but may be also supplemented by an electrically operated vacuum 
pump to boost braking assistance or improve fuel consumption. This vacuum may then 
be used to power the following motor vehicle components:[23] vacuum servo booster for 
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the hydraulic brakes, motors that move dampers in the ventilation system, throttle driver 
in the cruise control servomechanism, door locks or trunk releases. 
In an aircraft, the vacuum source is often used to power gyroscopes in the 
various flight instruments. To prevent the complete loss of instrumentation in the event 
of an electrical failure, the instrument panel is deliberately designed with certain 
instruments powered by electricity and other instruments powered by the vacuum 
source. 
 
5.3 Applications of diffusion pumps 
Due to its simplicity, high performance and low initial cost, the diffusion pump 
remains a primary industrial high vacuum pumping mechanism, either in the productive 
or the industrial procedures. In the industrial production they have an extensive offer 
for what matters food, medical and chemical production. In all these applications 
vacuum pumps offer functional safety and secure, high purity requirements of the 
processes and hygiene. Moreover, in industrial applications they are used to process 
and maintain essential components under vacuum. They stable the pressure for high gas 
flow environments, while they have low initial cost for continuous production 
applications.  
Vacuum diffusion pumps are also applied in the field of research and 
development. In this field very sensitive equipment is used, which requires ultra-high 
vacuum with no mechanical vibration. Applications for this type of pump are found in 
such diverse areas as: 
 Analytical instruments 
 Coating and functional 
 Coating and ornamental 
 Electron tube manufacture 
 Metallurgy 
 Optics 
 Outer space simulation 
 Particle accelerators 
 Petrochemicals 
 Pharmaceuticals 
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 R&D laboratories 
 Semiconductor manufacture 
Used in combination[36] with the proper choice of motive fluids, traps, baffles and 
valves, diffusion pumps can be used in a wide variety of applications and over pressure 
ranges from 1x10-3Torr to 2x10-11Torr (13.33x10-2 to 26.67x10-10Pa). The diffusion 
pump is widely used in both industrial and research applications. Most modern 
diffusion pumps use silicone oil or polyphenyl ethers as the working fluid. Cecil 
Reginald Burch discovered the possibility of using silicone oil in 1928.[32], [33], [34] 
Concluding, the production of “empty spaces” remains attractive, and the market 
in vacuum components (globally at around US$ 4.5 billion) is growing annually; over 
the period from 2004 to 2006 alone, at an annual rate of eight percent. [35] Noteworthy 
is the fact that almost half of this market volume is in Asia. 
Moreover, the LBNO-DEMO[37] (Long Baseline Neutrino Observatory 
Demonstration) experiment that aims at demonstrating the operation of the novel large 
liquid argon double- phase time projection chamber (DLAr TPC) and the modern 
techniques for magnetized MIND detectors, uses diffusion pump that operates with 
mercury for tritium compatibility reasons. 
In all diffusion pumps, a small amount of backstreaming occurs[38]. 
Backstreaming is the migration of minute levels of oil that move in the opposite 
direction— toward the inlet of the pump and into the process stream, which may be the 
stage of an electron microscope or a welding chamber. In some applications, minor 
backstreaming has no impact; in others, where the purity of materials is critical, 
backstreaming cannot be tolerated. For this reason, systems typically add an optically 
dense baffle of varying design to deflect oil particles before they can reach the process 
stream. 
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 5.4 Implementations of vacuum pumps in Greek industry 
 
5.4.1 Greek market of vacuum pumps  
The vacuum pumps that are mostly sold nowadays in Greece are shown in the pie 
Graph 1[25]:  
 
It’s very interesting that despite the technology development the mostly 
applicable pumps are the oldest ones, in technological terms, as the mechanical vacuum 
pumps are. This phenomenon can be explained by the fact that these pumps are very 
familiar to the workers of the Greek industries and well manageable. Another reason, 
for not easily replace the old fashioned probably pumps, is the economic crisis. 
Mechanic pumps are not so stable, turbo and schroll pumps need to be often completely 
maintained and turbo pumps have only 2000, maximum 3000 hours operational life. 
However, types as shown in the diagram are well established in the Greek industry.  
These vacuum pumps can be used in industrial applications individually or 
operating as a set. For example, turbo pumps are used as addition to mechanical oil 
pumps for cooling systems.  
Next the applications of the vacuum pumps in Greek industry are considered. 
The rotary vane pumps are the only pumps used in the coolers for air - 
conditioning systems. Their role is located in refilling the system with Freon. So, it can 
Graph 1: The purchase of vacuum pumps in Greece 
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be easily understood from that, that mechanical vacuum pumps are used everywhere in 
everyday life, from school to banks, from hospitals to heavy industries. Moreover, 
rotary vane pumps and mechanical oil pumps are the most commonly encountered 
pumps in industry. Their roles are numerous. From creating vacuum in a coating 
furnace for the packing of the products to setting motion in motors or stabilizing 
electrical systems. Oil pumps are also used as booters in industrial systems. It is well 
mentioned that whenever and wherever there is a need for a bearing, an oil pump is the 
most appropriate vacuum pump to use.  
  Metal oil vacuum pumps are also used for packing procedures. In Loulis mills 
for example there is a furnace of grouping that creates vacuum with capacity Q=6÷7.2 
m3/h, and suction of 350 W using a metal oil vacuum pump. This system is used to 
make the gift packs (set of 2+1). Moreover, in the same food industry there is a rotary 
vane pump applied for the packing of semolina under vacuum conditions, procedure 
that enables the product last longer. There was an experiment held for proving that, 
showing that semolina of 2004 production year stored in this kind of package is still 
consumable.  
Moreover, rotary vane pumps are used in Benaki’s phytopathological institute. 
They are applied in systems used for various measurements, such as, examining the 
water and soil for pesticides. 
One other interesting area of application for vacuum pumps is in biofuel 
production. This is true of both first- and second-generation biofuels, as vacuum 
equipment can supply the full starting material for first- and second-generation for 
methanol recovery and purification of ethanol. That includes traditional fluid ring pump 
technology and dry-running pumps for producing biofuels. There are considerable 
advantages to using vacuum pumps, fully in line with the ideas behind the biofuel 
industry: lower energy consumption, no consumption of water, and in addition to this 
they also require less space. Rotary vane pumps are also applied in solar and windpower 
energy producing section as they are using in cooling systems by water flow.  
In other fields, such as chemical industry for heavy applications[25] or 
pharmaceuticals, vacuum pumps are developing by setting new standards in 
performance, quietness of operation, ease of servicing and design. In that field turbo 
pumps in combination with schroll pumps are used. Their applications are hidden in 
analytical instruments, in distillations and diagnostic measurements, but also in the 
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production procedure. Moreover, such combinations are used in biomedical fields, not 
only in laboratories, but also in diagnostic centers and hospitals. They are designed to 
give accurate results easily, so they are even used in haemotological tests. 
Dry-running vacuum pumps for rough and medium vacuum range play an 
important role in research, laboratory work and industry[30]. Diaphragm pumps are 
available in different materials finishes for chemical and physical processes, with 
regulated or non-regulated under-pressure, and with suction capacity from 0.3 to 16 
m3/h and final pressures from 75 to <1 mbar. For some applications a combination of a 
scholl pump with a turbo pump can be applied, with lack of oil. Scroll vacuum pumps 
can even be used in cooling systems where oil cannot be used. Another application of 
turbo vacuum pumps is in the production of the silverlike wrapper that florists use for 
decorating their bouquets. 
Another type of vacuum pumps being applied in Greek industry are the ion 
vacuum pumps. These pumps are used for research reasons in Universities that deal 
with fields of Chemistry and Physics, aiding in phasmatoscopic measurements, or other 
experiments[47].   
 
5.4.2 Application fields of diffusion pumps with examples 
High vacuum pumping is a process that is developing over the last years and that 
happens due to their plenty applications in industrial and research fields. However, 
diffusion pumps are not commonly used in Greek industry. There are two main reasons 
that can justify this phenomenon.  
The most crucial may seem the character of Greek industry. Diffusion vacuum 
pumps are mostly used in heavy industries or for producing microsystems, in which 
high vacuum is necessary. But, in Greece, heavy industries are not so many and Greece 
lacks of microtechnology industries. So, their applications are located only in purposes 
when the clearance of the result is not so important.  
Secondly, is the economic crisis that affects all aspects of the life in Greece, such 
as the industrial development, since 2012.[47] Diffusion pumps are very stable and can 
be efficiently operational for over 80 years, with low maintenance costs. However, they 
are too expensive and they are highly recommended for heavy industries. So, since the 
Greek industries are not so many and try to limit their costs, they could easily replace 
the purchase of a diffusion pump with just modifying an old vacuum pump according 
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to their needs. As it has been argued[47] during the crisis period, the sales of second 
handed pump increased rapidly. 
In Greek industry, diffusion pumps are mostly sold for plumbing. Some industries 
use diffusion pumps so that they can create high vacuum in which Aluminum molecules 
can be sublimated and attached to a paper or plastic area. One example of that 
application is the Tetrapack paper used for the small packing of juices of foods in 
general. 
Diffusion pumps are also used in Greek optical industries for producing glasses 
(lenses of vision). There located in systems for cutting and formation of the lense. 
However, diffusion pumps are mostly sold for research purposes in laboratories 
and universities. Many Greek universities in fields of chemistry, physics, chemical and 
electrical engineering as well as biomedical and pharmaceutical universities have 
diffusion pumps as part of their analytical instruments. They are used in 
chromatography, in phasmatoskopy or even for diagnosis tests. These applications of 
diffusion pumps can explain the reason that they are used in diagnosis centrers, in 
hospitals, such as in Papageorgiou in Thessaloniki, IASO in Larissa and Euromedica in 
Athens[47]. 
 
5.5 Advantages and disadvantages of diffusion pumps 
Some of the most important advantages of the diffusion vacuum pumps are[49,27]: 
 Reliability, since in a diffusion pump there are no moving parts. They could 
easily be applied for tasks that need stability in a high manner and effectiveness. 
 Simplicity in design  
 Operation without noise or vibration, due to the fact, that they are no moving 
parts. 
 Inexpensive to operate and maintain. The factor of no moving parts plays an 
important role for this advantage, too. No movement in the pumping parts 
means, no vibration, no friction. Eventually, the spare parts are hardly damaged 
and easily maintained. 
 Wide range of flow rates depending on the application. 
Ordinary pumps often display inlet pressure variation, so in applications where 
stable pressure is required with lighter gases, this may require attention. 
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However there exist some problems in using a diffusion pump either for industrial 
or research purposes. Backstreaming of the vapors is a major problem since the vapors 
can contaminate surfaces inside the vacuum chamber. Due to backstreaming, oil 
diffusion pumps are not suitable for use with highly sensitive analytical equipment or 
other applications which require an extremely clean vacuum environment.  
Factors of back diffusion[39]: 
 Vapor jet molecules from the top first stage accelerate towards the inlet flange 
due to interactions with gas particles or other motive medium molecules, or due 
to imperfect nozzle shape. 
 Condensed vapor molecules re evaporate and travel towards the inlet flange. 
 Pump fluid oil creeps to the recipient along the walls. 
 Just in front of the heater, oil droplets heat up high enough for them to accelerate 
towards the recipient as drops (similar to oil splattering in a frying pan). 
Appropriate nozzle shapes as well as vapor traps and baffles minimize back 
diffusion. This problem should remain below 10-10 g(cm2min). 
Another disadvantage of the diffusion pumps is that they require a backing pump 
during their operation. The backing pump should maintain the pressure in the foreline 
below a certain value. If the pressure increases above the specified value for a given 
pump, gas will diffuse back through the pump and pumping will stop. Moreover, the 
backing pump can affect the throughput value of the pumping system. Additionally, a 
diffusion pump needs to be connected by a mechanical pump of low pressure at its exit, 
so that the gas molecules can be exhausted to the atmosphere. 
Finally, the diffusion pumps are designed with a vertical orientation only. This 
fact can be a drawback in applications where there is a limited space. 
 
5.6 Diffusion pump controls[50,51]  
There are several parameters to control and monitor in oil diffusion pump systems: 
 The electricity that is used for the heaters under or in the boiler. The amount of 
power that is needed is determined by the size of the diffusion pumps and its rated 
heater watts. Large diffusion pumps may have from three to eight heaters fitted close 
to the boiler plate. Both the boiler plate and the heaters should have flat and smooth 
surfaces for good contact and to eliminate hot spots. 
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 The cooling water that is used to cool the outer body of the diffusion pump and also 
the cold cap mounted over the top jet inside the pump. These circuits can be in series, 
or parallel. The colder the cold cap the more efficient it is so parallel circuits may 
be best. 
 The fluid vapor temperature that can be monitored to indicate that the pump is 
pumping. This switch is mounted on the exhaust line of the diffusion directly 
opposite the ejector jet in the interior assembly. When the hot fluid is exhausted 
from the pump body towards the exhaust flange it heats up this area until the switch 
is activated to indicate “pump ready. 
 The pressure that also has to be monitored and its changes that can be used to control 
both the process and the pump system. Vacuum gauges are mounted in at least three 
positions. The vacuum gauge heads or sensors allow the main controller to 
automatically run the system through its process steps. If any pressure reading is not 
within its control parameters, the process will not continue. The roughing vacuum 
gauge head can be a Thermocouple/Thermistor, a Pirani or a capacitance manometer 
depending on the process and the system specification. It monitors the chamber 
roughing pressure and once the chamber pressure is below the diffusion pump 
crossover pressure it will allow the roughing valve to close. It can be mounted in the 
roughing line close to the chamber, but is best mounted right on the chamber, close 
to the high vacuum gauge head. The backing pressure gauge head can be the same 
types as the roughing line gauge head, as it is reading mechanical pump pressures. 
The chamber high vacuum gauge head must be selected to suit the base pressure, the 
process pressure and to withstand any process contamination. Penning gauges are 
rugged mechanical gauge heads that can be mechanically cleaned if they become 
contaminated. It is important the Penning gauge head is not above about 10-2 Torr 
(1.33 Pa) as the interior can become oxidized. The gauge controller usually switches 
it on as the pressure drops and off as the pressure rises to prevent this problem. New 
designs of ion gauge heads have made them more suitable for rugged processes, and 
they read lower pressures than the Penning gauge. Depending on the system pressure 
a capacitance manometer may also be selected. Capacitance manometer gauges are 
the most accurate of all vacuum gauges and corrosion resistant. These manometer 
are usually located in the places that are gathered below[22]: 
 On the chamber to monitor roughing pressure 
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 On the chamber to monitor high vacuum pressure 
 On the backing line to monitor the pressure at the exhaust of the diffusion pump 
 Near the inlets of the roughing pump and the holding pump a gauge head or a 
valved off connection (it’s not so common to use) 
 
5.7 Operating tips of diffusion pumps[48] 
In general, the operation of a diffusion pump requires little attention. There are 
some things to consider: 
1. Using a high quality oil will maximize the performance of the system and will 
minimize the need for maintenance.  
2. Matching the oil to the vacuum level, which will be reached. There is no benefit to 
getting an oil rated for a lower pressure than required and the cost will increase 
significantly. 
 For most decorative metallizers, a 702 type oil is sufficient.[49] 
 For optical coaters, a 704 is a good choice.[49] 
 For very high quality, low vacuum applications such as semiconductor or 
laboratory work might require a 705 oil.[49] 
3. Keeping track of the waterflow through the cooling lines should be considered, as 
well as checking the inlet and outlet water temperature and the flow rate. Lines can 
become clogged or corroded over time. Finally, it is necessary to check periodically 
to assure that all the electric heaters at the bottom of the pump are reaching the 
proper temperature. 
4. In systems where only a mechanical pump is used for maintaining vacuum 
conditions in the 10-2-10-1 Torr range (13.33x10-1-13.33Pa), sometimes it is 
advisable to pump periodically rather than continuously. A valve and a gauge are 
needed to start and stop pumping whenever necessary. This prevents continuous 
back-diffusion of lubricating oil and, in addition, keeps the oil cold, reducing its 
vapor pressure. 
5. The pumping fluid level in a well-designed pump needs to be precisely controlled[44]. 
Generally, 30% above and below normal level should be tolerable without noticeable 
effects. When the level is too low, the boiling process may pass from nucleated 
boiling to partial film boiling, which leads to overheating of the boiler heating 
surface. If this condition is continued for an extended period of time, particularly for 
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large pumps, it can cause distortions of the boiler plate. This, in turn, may expose 
the center of the boiler plate above the liquid level and lead to further overheating. 
The resulting poor contact between heaters and the boiler plate may also overheat 
the heating elements and cause their failure. 
 If the liquid level is too high, the boiling process may foam the fluid and raise 
its level as high as the foreline opening. Excluding normal backstreaming, the 
fluid may be lost out of the pump in several ways: prolonged operation above 
or near maximum throughput; accidental high pressure and high-velocity air 
flow through the pump in either direction; evaporation of higher-vapor-pressure 
fluids due to incorrect temperature distribution. 
 With relatively low gas loads, modem pump fluids, and correct system design 
and operation, diffusion pumps can be operated for many years without adding 
or changing pumping fluid. Large pumps usually have means of monitoring the 
fluid level. To reduce fluid loss, some pumps have built-in foreline baffles. 
 
5.8 Pump fluid backstreaming suppression methods  
In the vapor stream from the topmost nozzle of a diffusion pump, pump fluid 
molecules not only travel in the direction of streaming to the cooled pump wall, but 
also have backward components of velocity because of intermolecular collisions. The 
oil-backstreaming amounts to a few micrograms per minute for each square centimeter 
of inlet cross-sectional area[41]. To reduce this backstreaming, various measures must 
be undertaken simultaneously: 
a) the high vacuum-side nozzle and the shape of the part of the pump body surrounding 
this nozzle must be constructed so that possible vapor molecules emerge sideways in 
the path of the vapor stream from the nozzle exit to the cooled pump wall. 
b) the method for cooling the pump wall must allow as complete as possible 
condensation of the pump fluid vapor and, after condensation, the fluid must be able to 
drain away readily. 
c) one or more pump-fluid traps, baffles, or cold traps must be inserted between the 
pump and the vessel, depending on the ultimate pressure that is required. 
Two chief requirements must be met in the construction of baffles or cold traps 
for oil diffusion pumps[41]. First, all backstreaming pump-fluid vapor molecules should 
remain attached to (condensed at) the inner cooled surfaces of these devices. Second, 
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the condensation surfaces must be so constructed and geometrically arranged that the 
flow conductance of the baffles or cold traps is as large as possible for the pumped gas. 
These two requirements are summarized by the term “optically opaque”[41]. This means 
that the particles cannot enter the baffle without hitting the wall, although the baffle has 
a high conductance. The implementation of this idea has resulted in a variety of designs 
that take into account one or the other requirement. 
A cold cap baffle is constructed so that it can be mounted immediately above the 
high vacuum nozzle. The cold cap baffle is made of metal of high thermal conductivity 
in good thermal contact with the cooled pump wall, so that in practice it is maintained 
at the cooling-water temperature or, with aircooled diffusion pumps, at ambient 
temperature. In larger types of pumps, the cold cap baffle is water cooled and 
permanently attached to the pump body. The effective pumping speed of a diffusion 
pump is reduced by about 10 % on installation of the cold cap baffle, but the oil 
backstreaming is reduced by about 90 to 95 %.[41] 
The shell baffles consist of concentrically arranged shells and a central baffle 
plate. With appropriate cooling by water or refrigeration, almost entirely oil vapor-free 
vacua can be produced by this means. The effective pumping speed of the diffusion 
pump remains at least at 50 %, although shell baffles are optically opaque.  
For the smaller air-cooled, oil diffusion pumps, plate baffles are used. The air-
cooled arrangement consists of a copper plate with copper webs to the housing wall. 
The temperature of the plate baffle remains nearly ambient during the operation of the 
diffusion pump. 
If extreme demands are made on freedom from oil vapor with vacuum produced 
by oil diffusion pumps, cold traps should be used that are cooled with liquid nitrogen 
so that they are maintained at a temperature of - 196 °C.[41] 
Low-temperature baffles or cold traps should always be used with a cold cap in place. 
On this the greatest part of the backstreaming oil is condensed, so that the inevitable 
loss of pump fluid from the condensation of the pump fluid on the low-temperature 
surface is kept at a minimum. With longer-term operation it is always advisable to 
install, in place of the cold cap, a water-cooled shell or chevron baffle between the 
diffusion pump and the low-temperature baffle or cold trap.  
In practice, however, complete suppression of oil-backstreaming is never 
attained. There are always a few pump-fluid molecules that, as a result of collisions 
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with one another, reach the vessel without having hit one of the cooled surfaces of the 
baffle or the cold trap. Moreover, there are always a few highly volatile components of 
the pump fluid that do not remain attached to the very low temperature surfaces. The 
temperature and the vapor molecules adsorbed at the surface of the vessel determine 
exactly the pressure in the vessel.  
It must be noted that data on backstreaming as specified in catalogs apply only to 
continuously-operated oil diffusion pumps. Shortly after starting a pump the uppermost 
nozzle will not eject a well-directed vapor jet. Instead oil vapor spreads in all directions 
for several seconds and the backstreaming effect is strong. When  switching a diffusion 
pump on and off frequently the degree of oil backstreaming will be greater. 
 
5.9 Cost analysis of diffusion pumps 
Oil diffusion pumps are used to generate a high and ultra-high vacuum up to a 
pressure range of 5x10-7 mbar[53] with an extremely high pumping speed. Besides 
single pumps, Welch also offers complete oil diffusion pump systems. Please note 
that to operate an oil diffusion pump it is mandatory to connect a backing pump.  
In this section there are some diffusion pump that are mostly sold[53] with their 
costs and characteristics. 
Table 10: Diffusion pumps characteristics and costs 
VHS-4, diffusion pump, 240V  
  
5728€ 
 HS-2 diffusion pump W/ ASA flanges, 240V  
 
4000€ 
Oil diffusion pump PDM 63 
 
Manually operated valve 
Water cooling consumption 0.7 l/min, oil charging 
55ml and heating power 520W 
 
 
 
 
 
 
 
3628€ 
max pumping speed@ 50HZ in m3/h (l/min)  110(l/s) 
Ultimate pressure in mbar (Torr) 5*10-7 
Dimensions (w/d/h) in mm  220/115/370 
Weight (kg) 8 
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Oil diffusion pump PDM 100 
 
Manually operated valve 
oil charging 100 ml, heating power 630w, cooling 
water consumption 1.0l/min 
 
 
 
 
 
4696€ max pumping speed@ 50HZ in m3/h (l/min) 210 (l/s) 
 
Ultimate pressure in mbar (Torr) 5*10-7 
Dimension (w/d/h) in mm 300/260/450 
Weight (kg) 11.8 
Oil diffusion pump PDP 63 
 
Pneumatically operated valve, oil charging 55 ml, 
heating power 520W, cooling water consumption 
0.7l/min 
 
 
 
 
 
4735€ 
max pumping speed@ 50HZ in m3/h (l/min) 110 (l/s) 
 
Ultimate pressure in mbar (Torr) 5*10-7 
Dimension (w/d/h) in mm 220/115/370 
Weight (kg) 9 
Oil diffusion pump System Dp 25L/4DM 
 
Complete pump system (air cooling) with high 
vacuum valve, manually operated, pumping speed 
of rotary vane pump P4 Z4.6 m3/h oil charging 
30ml, heating and motor power 650W 
 
 
 
 
 
 
6835€ 
max pumping speed@ 50HZ in m3/h 
(l/min) 
151 l/s 
 
Ultimate pressure in mbar (Torr) 1*10-6 
Dimension (w/d/h) in mm 500/480/795 
Weight (kg) 25 
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Oil diffusion pump System 63/4DM 
Complete pump system (water cooling) with high vacuum valve, baffle, 
backing valve and roughing valve with manual operation, high pumping 
speed, high flow, low oil back streaming, manually operated valve. Heating 
and motor power 800W, water cons. 0,7l/min, oil charging 55ml 
 
 
 
 
 
7445€ max pumping speed@ 50HZ in m3/h 
(l/min) 
110 (l/s) 
 
Ultimate pressure in mbar (Torr) 1*10-6 
Dimension (w/d/h) in mm 500/480/694 
Weight (kg) 29 
Oil diffusion pump System DP 100/8DM 
Complete pump system (water cooling) with high 
vacuum valve, baffle, backing valve and roughing 
valve with manual operation, high pumping speed, 
high flow, low oil back streaming, manually operated 
valve. Pumping speed of Rotary vane pump P8 Z 7.2 
m3/h, oil charging 100ml, heating and motor 1000W, 
1.0l/min 
 
 
 
 
 
8875€ 
max pumping speed@ 50HZ in m3/h 
(l/min) 
210 (l/s) 
Ultimate pressure in mbar (Torr) 1*10-6 
Dimension (w/d/h) in mm 500/480/694 
Weight (kg) 37 
Oil diffusion pump System DP 63/4DP  
Complete pump system (water cooling) with high 
vacuum valve, baffle, backing valve and roughing 
valve with pneumatic operation. For production of 
high and ultra high vacuum. - high pumping speed - 
high flow - low oil back streaming With 
pneumatically operated valve. Pumping speed of the 
rotary vane pump P 4 Z 4.6 m3/h Flange suction side DN 63 ISO-K Flange 
exhaust side DN 16 KF Oil charging 55 ml Heating and motor power 800 W 
Cooling water consumption 0.7 l/min 
 
 
 
 
 
 
 
 
8765€ 
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max pumping speed@ 50HZ in m3/h 
(l/min) 
110 (l/s) 
 
Ultimate pressure in mbar (Torr) 1*10-6 
Dimension (w/d/h) in mm 500/480/694 
Weight (kg) 30 
Oil diffusion pump system DP 100/8DP  
Complete pump system (water cooling) with high vacuum valve, baffle, 
backing valve and roughing valve with pneumatic 
operation. For production of high and ultra high 
vacuum. - high pumping speed - high flow - low 
oil back streaming With pneumatically operated 
valve. Pumping speed of the rotary vane pump P 8 
Z 7.2 m3/h Flange suction side DN 100 ISO-K 
Flange exhaust side DN 25 KF Oil charging 100 
ml Heating and motor power 1000 W Cooling 
water consumption 1.0 l/min 
 
 
 
 
 
 
 
 
 
9585 € 
 
max pumping speed@ 50HZ in m3/h 
(l/min) 
210 (l/s) 
 
Ultimate pressure in mbar (Torr) 1*10-6 
Dimension (w/d/h) in mm 500/480/694 
Weight (kg) 40.5 
 
 VHS-250 diffusion pump,240V STD cold cap  
 
10414€ 
 
 VHS-400 diffusion pump W/ ASA, 240V, 4400W  
 
16630€ 
 
 NHS-35,diffusion pump, 240V  
 
36802€ 
 
A single diffusion pump is almost half the price of buying a whole diffusion 
pumping system. However, the diffusion pump need to cooperate with a mechanical 
pump, so sometimes (when someone purchases such a pump for the first time) it’s 
worth buying a whole system. Moreover, as the valve operation turns from manual to 
pneumatic, becomes more expensive (about 1000€ more expensive when it’s with a 
pneumatic valve). The same increase happens as the pumping system increases in 
dimensions (increase of 1000 € when it’s approximately twice the size and the 
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pumping speed). As the diffusion pump is inserted into a system, it has a water 
cooling circuit, as it’s more efficient for bigger systems. Finally, the ultimate pressure 
is lower in the diffusion pump system than in the single pump.  
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Chapter 6: Simulation of a diffusion pump 
 
6.1 Introduction 
The calculation of the pumped volume flow rate is crucial in telling the 
characteristics of a diffusion pump and can be helpful in choosing the right diffusion 
pump for the task we want to use it. Therefore, there is a way that aids in calculating 
this substantial measure. 
A simple model of a one-stage (with one nozzle exit) diffusion pump[18] is used 
for calculating this flow rate from the area of the free inlet cross section and the 
pumping probability or transmission probability Pho.[54]This model will be described in 
this section and some methods to calculate the pumping speed will be discussed. 
 
6.2 Calculating Performance characteristics of diffusion pumps using a simple 
pump model 
The action in a diffusion pump relies on the momentum transfer during collisions 
of pumped – down gas molecules and vapor molecules travelling at jet velocity u. The 
pumped volume flow rate, the so called pumping speed S and the pumping probability 
Pho will be attempted to be calculated directly from these collision incidents. The model 
treats the interaction of pumped- down gas with the vapor jet as a diffusion process. 
The term diffusion is the most appropriate to use, because diffusion is in fact a 
macroscopically observable process relating to statistics of individual collision 
incidents.[18] During the years there have been experimental results that correlate with 
these collision incidents. [55, 56] 
The simplified model of a diffusion pump is derived from Figure 28, [18] showing 
the upper stage of a diffusion pump. The vapor jet S-S originates at the annular nozzle 
JN formed by the upper end of the vapor pipe VP and the nozzle cap NC. This annular 
nozzle has a width δ and area A*. It has a shape of hollow cone, defined by VP on the 
inside and a blurred (diffuse) bell – shapes zone on the outside.  
For simplification, the outer boundary is assumed as a sharp edge JE formed by 
the envelope of a cone, which spreads, as an extension of the nozzle cap NC, from NCo 
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to PB2. A surface line of this area is used as y-axis (NCo being the origin of the 
coordinate and y=y2 at the point of intersection with the pump body surface in PB2). 
 
Figure 28: For calculating performance characteristics in the top stage of a diffusion 
pump 
The gas molecules with particle number density ng and mean thermal velocity c 
are pumped down from the large recipient R flow through the pump’s annular aperture 
with an area Ap at a rate 
,
4
p o g p
c
I n A  
(6.2.1) 
They hit JE and diffuse into the motive jet S-S. The density nv of the vapor jet 
molecules is much higher than the density ng of the incoming diffusing gas molecules. 
In addition to the thermal velocity c, the vapor jet molecules also show a preferred 
velocity in the direction of the jet, termed jet velocity u.  
The jet with velocity u is produced by releasing the motive fluid from pressure Po 
in the pressure chamber 1 to pressure P2 in the jet. In the mixing chamber 3, at suction 
pressure Ps, the pumped down gas mixes with the motive fluid (Figure 29). This causes 
a transmission of momentum to the pumped down gas particles that accelerate in the 
expanding direction of the motive fluid until they reach the pre-vacuum chamber 4. 
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Pressure P3 here is higher than P2 in the expanding jet, so that the gas transported by 
the motive fluid can be released to the ambient atmosphere either directly from the pre-
vacuum side or by means of an additional vacuum pump. The expanding working fluid 
in the jet nozzle 5 as well as in the mixing chamber 3, and the pressure increase in the 
diffuser nozzle 6 follow Bernoulli’s equation for frictionless media[18]. Here u, is the jet 
velocity, p is the static pressure in the jet, ρ is the density of the working fluid in the jet, 
and Po is the pressure in the pressure chamber (when uo=0). 
2 2
po
p
dp
u

   
(6.2.2) 
 
Figure 29: Diagram of a jet vacuum pump. 1: pressure chamber (pressure Po), 2 and 
2’ motive medium jet, 3 mixing chamber (pressure P2 in the jet), 4 compression 
chamber (pressure P3), 5 jet nozzle, 6 diffuser nozzle, B motive jet inlet, A vacuum 
connection (intake pressure Pin, C fore-vacuum connection (pressure Pf) 
 
The jet molecules collide with the incoming gas molecules and impose a preferred 
velocity in jet direction on the gas molecules as well. The mean velocities of the 
molecules contained in the components of a gas mixture adjust rapidly after few 
collisions. Therefore, it can be assumed that the gas molecules also show a preferred 
velocity u in the direction of the jet. Because nv>>ng and Mv>Mg (where M is the 
molecular weight), the jet is hardly decelerated, in fact, the gas molecules are entrained. 
In this way, the gas flow I2 is directed downwards, through the jet cross-section 
Aj.2 and into the fore- vacuum chamber. Now, I2 is not equal to Ip.0, but smaller because 
not every molecule travelling downward from R through Ap diffuses into the jet and is 
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then pumped. (I2<Ip,o). This is known as the backstreaming effect. Some of the 
molecules return through Ap and back into R due to back diffusion, reflections at the 
wall, or other circumstances. If the probability of travelling back is 1-Pho[40], 
consequently the pumping probability is Pho. Then, pumping speed can be calculated 
by using the equation: 
,
4
p o
ho p ho o ho
g
I c
S P A P S P
n
    
(6.2.3) 
where So is the pumping speed of an ideal pump without any backstreaming flow.  
Moreover, due to the backflow, the particle number density n2 of the gas 
molecules in volume C, which is between Ap, PB and JE, is lower than ng. So, the total 
flow rate through Ap is equal to the flow rate from R to C minus the flow rate from C 
to R: 
, 2 2
4 4
tot p o g p p
c c
I I I n A n A     
  (6.2.4) 
Using Itot=S*ng, 
2(1 )
4
p
g
nc
S A
n
   
(6.2.5) 
and combining the equation (6.2.3), the relationship (6.2.6) is given. 
21ho
g
n
P
n
   
(6.2.6) 
For calculating the diffusion process from C into S-S, the model must be further 
simplified. This can be justified from the diffusion theory. This simplification is shown 
in Figure 30.  
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Figure 30: Simplified model of a diffusion pump for calculating pumping speed 
Initially, the cone-shaped vapor jet is replaced by a tubular jet with the radii ri and 
ri-d, showing a parallel flow with the constant velocity u2 (in the cone-shaped jet, the 
velocity at the nozzle differs from the velocity at the lower end [18]). Furthermore, the 
particle density of the working vapor nv,2 shall be constant. Finally, the tubular jet is 
unrolled to a band of length y2, width d and rectangular area As,2. So, the situation may 
be now treated as a plane diffusion problem. 
An element E of the band jet between y and y+dy should be now considered. At 
the left edge of this element, gas particle density is n2. If E was at rest and gas-free 
(only consisting of working-vapor molecules) at the time t=0, a distribution of 
incoming, diffusing gas molecules ng(x) according to Figure 31 would develop at time 
t. According to diffusion theory, the locus of the half-value: 
diffx Dt  
(6.2.7) 
 
where D is the diffusion coefficient of the gas in the vapor jet. 
0.5 23 ( ) ( )
28 2
G m G m
G m
M M d d
D RT
M M
   
(6.2.8) 
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Figure 31: Particle number density in the motive jet and idealized square distribution. 
For further simplification, the curve ng(x) (Figure 31), is replaced by a 
discontinuity at x=xdiff, so that the element is filled with ng=n2 between x=0 and x=xdiff, 
and is empty for x>xdiff.[18] Following the motion of jet element E in the y-direction 
from NCo to PB2, it travels to the point y=u2t within the time t and is then filled to the 
coordinate: 
2/diffx Dy u  
(6.2.9) 
which is represented by the parabola Π (Figure 30). Now, the flow of gas particles 
transported through As,2 can be calculated. However, the flow of gas particles in this 
model is restricted to the fraction xdiff,2/d of the area As,2.  
,2 ,22
2 2 2 ,2 2 2
cos
diff diff
s
x xA
I n u A n u
d d
   
(6.2.10) 
I2 reaches its maximum when xdiff,2=d. In diffusion pump design, this condition is 
obtained by matching the width δ of the nozzles and the heating power.[18] Then u2 and 
D can be controlled and  
2
2 2 2 2 (max)
cos
A
I n u I

   
(6.2.11) 
The pumping speed S and the pumping probability Pho can be now calculated by 
equating the particle number flow through Ap according to equation (6.2.4) and through 
A2 according to equation (6.2.10) The obtained expression for n2, set into the equation 
(6.2.6), yields the pumping probability. 
2 ,2
1
cos
1
4
ho
p
diff
P
A c d
x




 
(6.2.12) 
and the pumping speed 
Filled with 
ng=n2, 
0<x<xdiff 
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2
1
4
1
4
p
c
S A
c
a
u


, with 
2 ,2
cosp
diff
A d
a
A x

  
(6.2.13) 
 
In certain diffusion pumps, the pumping speed is increased by a belly-type 
expansion of the housing, near the first and second stages.[18] This increases the contact 
between the motive-vapor jet and the pumped gas, and thus, increases xdiff,2. 
Equation (6.2.13) expresses that S[29] is independent of the gas pressure Pin or of 
the particle number density n at the inlet. Thus, it correctly describes the horizontal part 
of the curve in Figure 32. The influence of the gas species on the pumping speed is 
included in 1/ molarc M
[18], which explicit appears twice in equation (6.2.13), and 
implicitly in the factor a where it is hidden in the diffusion length according to equation 
(6.2.7) and here, in the diffusion coefficient D (6.2.8). Therefore, with 
1/4
gasa M , the 
ratio S(gas)/S(air) of the pumping speed for any gas to the pumping speed for the air 
, 1/2 2
1/4
, 2 , ,
1 / (4 )
( )
1 ( / (4 ))(M / )
gas r air air air
air r gas air air r air r gas
S M a c u
S M a c u M



 
(6.2.14) 
 
Figure 32 shows pumping speed curves for selected gas species[57]. The model 
used here not only gives the value of the horizontal part of the pumping speed curve. It 
also explains the behavior of a diffusion pump under pressure variations[43] on the fore-
vacuum side, the drop of pumping speed at high inlet pressures, and the appearance of 
the maximum in pumping speed in fine-vacuum diffusion pumps. 
 
Figure 32: Typical pumping speed of a diffusion pump for selected gas species versus 
inlet pressure Pin[57] 
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In the diffusion pump Pin is far below the static pressure P2 in the jet. This fact 
ultrasonic molecular velocity of the jet molecules as it will be explained below by the 
appropriate calculations. If the Mach number is higher than 1, then the velocity of the 
jet is ultrasonic. So, it only needs to prove that Mach is higher than 1.  
The gas pressure increases from one stage to the next. The pressure ratio 
(compression ratio) for a stage can be expressed by the following equation:  
exp( / )
before
after
P
pud D
P
  
(6.2.15) 
where p is the density of the pump fluid, u is its velocity, and d is the width of the jet. 
The diffusion coefficient is approximated by using the molecular weights Mg and Mm, 
and the molecular diameters Dg and Dm of the gas and the motive medium, respectively 
equation (6.2.8) [58] 
So, for the diffusion pumps that they’ve already been examined in chapter 4, it’s 
known that the compression ratio is 4*107[39].  
From the equation (6.2.2), it can be calculated: 
2
1
2 2
P
P
dp
u

   (inserting the ideal gas law) =
2 2 2 2 2 7 21
1 2
2
2
1
2 [ln ] [ln ] [ln ] [ln10 ] 16
2 2
o o o o o o
o
PdP dP
u u P P u u u u
P P P CV
u
           
So 4ou u and the 4
o
u
Ma
u
  .  
Consequently, from the equations above, it can be summarized that when the 
compression ratio (CV) increases, the pressure difference (ΔP) increases, and so does 
the Mach number.  
 
6.3 Other ways of calculating the pumping speed of a diffusion pump 
If the needed quantities are given the characteristic for the diffusion pump, pumping 
speed, can be also calculated by the below gathered ways. (except the one that it has 
been already proof above)[29].  
i. 
,p o
ho
g
I
S P
n
 , with ng being the particle density of the incoming, diffusing 
gas molecules. And Ip,o the flow rate from R to C. 
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ii. 
o hoS S P , with So the pumping speed of an ideal pump without any 
backflow. 
iii. 2(1 )
4
p
g
nc
S A
n
  , if backflow is taken into consideration 
iv. tot
g
I
S
n
 , where Itot is the total flow rate through Ap that is equal to the 
flow rate from R to C minus the flow rate from C to R.  
v. 
4
p h
c
S A P  
vi. 
o
Q
S
P P


, where Q is the flow rate (throughput) and Po is the ultimate 
pressure prior to the pump. 
 
6.4Arithmetic Examples 
1. Using the type vi from above 𝑺 =
𝑸
𝑷
, it can be seen that what is claimed in the 
technical specifications of the pump is verified (Agilent NHS-35, Appendices A). 
S=28.000 l/s air in operating range for this pump. 
Q=25 l*Torr/s the maximum throughput in operating range. 
And P=9*10-4Torr the operating range. 
Thus,
25
27778 /
0.009
Q
l s
P
   
2. The same procedure can be followed for the pump Agilent AX-65, (Appendices B) 
and can be concluded that the pumping speed is verified. 𝑠 =
𝑄
𝑃
=
0.19
0.003
= 63𝑙/𝑠 
3. An effort is gone be made to take some results using the type i [18] From this equation 
the jet velocity can be calculated. From the pump’s Agilent AX-65 geometry given 
(Appendices B), the geometrical parameters of the pump can be estimated. 
 
ri= 16.91mm (the inner diameter) ro= 28,65mm (the outer diameter) 
 
ro,in=7,5mm (ro-ri) 
 
d=18,79mm 
 
So, it can be calculated: 
2 2 2( ) 1680.357
op i
A r r mm    
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2 2 2
2 ,( ) 2401.975o o inA r r mm    
Then, in order to specify the angle θ NCo it’s needed, which is:  
11.74o o iNC r r mm    
2 29.13y PB mm   
2
sin 0.403o
NC
PB
    and as it’s known by geometry 2cos 1 sin 0,915     
Using the pumping speed claimed by the manufacturer S=65 l/s and replacing in 
the equation (6.2.13), the constant velocity u2 of the motion of molecules in the cone-
shaped jet is going to be calculated. 
The mean thermal velocity for an air mixture is 464 m/s 
Estimate that the action takes place in equilibrium zone, d=x,diff/2  
6
6
2 ,2
0.915
cos 1680.357*10 0.6401
2401.975*10
p
diff
d
A x
  

     
2 2
2 2 2
1 1 0.1949
0.065 4.8264 0.19496
464 74.25264
1 1 1
4 4
p
c
S A u u
c
a a
u u u
      
  
 
2
4.8264
37.137 /
0.12996
u m s   
In Appendices C, there is also a table that gathers the needed parameters for the 
VSH – 4 and HS-2 diffusion pumps, for further calculations and simulation issues. 
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Chapter 7: Conclusion and future study 
 
7.1 Concluding remarks 
Following the development of the pumps through the years, it’s clearly 
understood that the pumps have been changed a lot according to their application needs. 
Especially, when the idea of vacuum was sufficiently formulated, the traditional pumps 
were subdivided to different branches in order to accomplish their research and 
industrial duties.  In the present work a detailed description of the characteristics, the 
geometrical sizes and a theoretical description of the operation of the diffusion pumps 
has been presented.  This kind of pumps operate in a free molecular regime and under 
high vacuum conditions. It is a very stable pump, as it has no moving parts. However, 
it is expensive and in Greek industry not so preferable. Moreover, the applications of 
the diffusion pumps in Greece and worldwide along with their costs were testified. It 
has been obvious that a diffusion pump operates properly in cooperation with a 
mechanical pump. That is why total diffusion systems are produced.  
The two types of diffusion pumps that are examined in the present work can 
provide a general idea of the dimensions and the operational advantages of the diffusion 
pumps. Giving Mach numbers of the order of 3 to 8 Ma, it’s obvious that they can be 
used for demanding applications. Moreover their generally stable features testify their 
ease of use and lack of continuous maintenance that is fact in other types of 
conventional vacuum pumps. Diffusion pumps operating pressure range is of 10-3 to 
10-9 or 10-8 order. Consequently, they operate under high vacuum with corresponding 
applications, as the DEMO experiment. However, in Greece, due to the industrial 
character of the country and the economic crisis, diffusion pumps are not used widely 
and only combined with traditional pumps.  
 
7.2. Future work proposals 
Considering their low cost of maintenance and their advantages, their cost of 
purchase seems low enough and probably industries globally should rethink replacing 
their costly and so time consuming conventional pumps. In the present work the 
operation of a diffusion pump was modeled based on a simple model provided by Karl 
Jousten [18]. This model calculates the pump’s performance characteristics based on the 
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diffusion theory and the momentum transfer during collision incidents. It is made clear 
that the modeling mentioned above is a great tool to get a rough estimate of the pump’s 
operation. However, detailed simulation of the diffusion pump configuration is required 
in order to optimize the diffusion pump’s operation, and probably omit its 
backstreaming major issues. The detailed simulation of the diffusion pump can be 
achieved via kinetic theory or via the DSMC method however, the simulation is quite 
complicated first of all due to two species of the gas flows. (The gas we want to pump 
and the jet medium). Another difficulty may lay on the geometry of the diffusion pump 
with its cold caps, baffles and multi-staged nozzles. Absorption, evaporation and 
condensation of the jet medium should also be taken into account. Below some ideas 
for future work are given:  
 An oversimplified initial approach could be a linear fully developed annular 
tube. The main driving force would be the movement of the two walls (Couette 
flow) while there is an opposing force due to the pressure difference along the 
pump axis (Poiseuille flow). Because the flow is fully developed the two flows 
can be solved separately to create a kinetic database based on the computed 
dimensionless mass flow rates in the whole range of the Knudsen number. 
Finally to compute the total mass flow rate of the gas pumped an iterative 
numerical integration of the two solutions is required. 
 The diffusion pump could be modeled between two adjacent jets using the non-
linear cavity driven flow where, both top and bottom plates are moving to 
simulate the two jets. Moreover absorption should be added to the two moving 
plates in order to model the two jets more reallisticaly. In addition one could 
use different jet velocities and dimensions in order to study the effects on the 
gas mass that is pumped via the two jets which is the quantity of importance in 
this. 
 Finally the exact geometry of the whole diffusion pump could be simulated 
using the DSMC method.  
 After the above simulations are set, it would be nice testify the improvements 
of the nozzles and the baffles by simulating them. Moreover, during these 
simulations probably the back diffusion could be issued. 
 Moreover, except the computational simulations and approaches probably 
would be a nice idea to get a diffusion pump or fix a simple annular pump 
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getting the operational principles of the diffusion pump. Then, it would be nice 
to examine the operation data that are given in this paper and try to get 
improvements by inserting baffles and nozzles, as it’s known by literature. 
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Appendix A: Agilent Diffusion pump NHS - 35 
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Appendix B: Agilent Diffusion pump AX-65 
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Appendix C: Data for Agilent VHS-4 and HS-2 diffusion pumps 
VSH-
4 
P1 μ Τ 
(οC) 
ρ Rg uo Q 
(Pa*m3/s) 
M (kg/s) ugas P2 
air 
1,33E-01 1,81E-05 20 
2,3223E-
05 287,049 410,135 0,33331 5,806E-05 106,315 5,333E+06 
1,33E-02 1,81E-05 20 
2,3223E-
06 287,049 410,135 0,13333 2,323E-05 425,292 5,333E+05 
1,33E-03 1,81E-05 20 
2,3223E-
07 287,049 410,135 0,01333 2,322E-06 425,261 5,333E+04 
1,33E-04 1,81E-05 20 
2,3223E-
08 287,049 410,135 0 0 0 5,333E+03 
1,33E-05 1,81E-05 20 
2,3223E-
09 287,049 410,135 0 0 0 5,333E+02 
1,33E-06 1,81E-05 20 
2,3223E-
10 287,049 410,135 0 0 0 5,333E+01 
1,33E-07 1,81E-05 20 
2,3223E-
11 287,049 410,135 0 0 0 5,333E+00 
1,33E-08 1,81E-05 20 
2,3223E-
12 287,049 410,135 0 0 0 5,333E-01 
 
VSH-4 P1 μ T 
(oC) 
ρ Rg Uo Q 
(Pa*m3/s) 
M(kg/
s) 
ugas P2 
helium 
1,33E-01 1,97E-05 20 
3,2091
E-06 2077,264 1103,303 0,33331 
8,0227
E-06 106,315 5,333E+06 
1,33E-02 1,97E-05 20 
3,2091
E-07 2077,264 1103,303 0,133332 
3,2093
E-06 425,292 5,333E+05 
1,33E-03 1,97E-05 20 
3,2091
E-08 2077,264 1103,303 0,013332 
3,2091
E-07 425,261 5,333E+04 
1,33E-04 1,97E-05 20 
3,2091
E-09 2077,264 1103,303 0 0 0 5,333E+03 
1,33E-05 1,97E-05 20 
3,2091
E-10 2077,264 1103,303 0 0 0 5,333E+02 
1,33E-06 1,97E-05 20 
3,2091
E-11 2077,264 1103,303 0 0 0 5,333E+01 
1,33E-07 1,97E-05 20 
3,2091
E-12 2077,264 1103,303 0 0 0 5,333E+00 
1,33E-08 1,97E-05 20 
3,2091
E-13 2077,264 1103,303 0 0 0 5,333E-01 
 
Compression ratio A Do Di 
In SI 
40000000 0.023515 0.229 0.15 
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HS-2 P1 μ T 
(oC) 
ρ Rg Uo Q 
(Pa*m3/s) 
M(kg/s) ugas P2 
Air 
5,0E-03 1,812E-05 20 8,709E-07 287,049 410,135 0,08 1,3935E-05 1272,288 2,0E+05 
5,0E-04 1,812E-05 20 8,709E-08 287,049 410,135 0,333306 5,8067E-05 53007,627 2,0E+04 
5,0E-05 1,812E-05 20 8,709E-09 287,049 410,135 0,066661 1,161E-05 106015,254 2,0E+03 
5,0E-06 1,812E-05 20 8,709E-10 287,049 410,135 0 0 0 2,0E+02 
5,0E-07 1,812E-05 20 8,709E-11 287,049 410,135 0 0 0 2,0E+01 
5,0E-08 1,812E-05 20 8,709E-12 287,049 410,135 0 0 0 2,0E+00 
 
HS-2 P1 μ T 
(oC) 
ρ Rg Uo Q 
(Pa*m3/s) 
M(kg/s) ugas P2 
Helium 5,0E-03 1,966E-05 20 1,204E-07 2077,264 1103,303 0,08 1,9256E-06 1272,288 2,0E+05 
 5,0E-04 1,966E-05 20 1,204E-08 2077,264 1103,303 0,33331 8,0227E-06 53007,627 2,0E+04 
 5,0E-05 1,966E-05 20 1,204E-09 2077,264 1103,303 0,066661 1,6045E-06 106015,254 2,0E+03 
 5,0E-06 1,966E-05 20 1,204E-10 2077,264 1103,303 0 0 0 2,0E+02 
 5,0E-07 1,966E-05 20 1,204E-11 2077,264 1103,303 0 0 0 2,0E+01 
 5,0E-08 1,966E-05 20 1,204E-12 2077,264 1103,303 0 0 0 2,0E+00 
 
Compression ratio A Do Di 
In SI 
40000000 0.012576 0.1524 0.0849 
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